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Preface

The Collaboration Research Activities about Building Structural Engineering between
EU and Japan is initiated in the “Record of Discussion” on December 1995 in the field
of the earthquake engineering for building structures between the past Safety
Technology Institute (the latest Institute for the Protection and Security of the Citizen),
Joint Research Centre, European Union (JRC-IPSC) and the past Building Research
Institute, Ministry of Construction, Japan. The “Record of Discussion” included the
following 6 items.

(ITEM 1) : Comparison of the seismic performance of building structures designed
according to the current European and Japanese Norms (comparison)

(ITEM 2) : Development and validation of new design methods based on performance
concepts (performance concepts)

(ITEM 3) : Study of seismic action, such as impulsive type of ground motion in near
source areas or long-duration long-period motion in the far field over soft
soil (seismic action)

(ITEM 4) : Study of the concepts of base isolation and seismic response control for
building structures (base isolation)

(ITEM 5) : Vulnerability assessment, repair and strengthening of existing building
structures (repair)

(ITEM 6) : Development of large scale experimental method (pseudo dynamic)

In 2001, Building Research Institute was reorganized to become an Independent
Administrative Institution named as Building Research Institute (BRI), and the new
national research institute in Ministry of Land, Infrastructure and Transport was
organized as National Institute for Land and Infrastructure Management (NILIM).
Therefore, in Japan the both of BRI and NILIM execute this Collaboration Research
Activities.

At this Collaboration Research Activities, the Management Panels are held by the
both of EU and Japan in order to exchange the research results and discuss the future
plan. The Management Panels are supposed to be held once a year at EU or Japan
respectively, and they were already held 6 times at Tsukuba, Japan or at Ispra, Italy from
1996 to 2001.

The 7th Management Panel was held in 30 and 31 May 2002 at Tsukuba city in Japan.
The presentation topics were Sub-Structure Pseudo Dynamic Testing on Soft First Story,
Seismic Performance Assessment & Rehabilitation: SPEAR, and others. The future plan
was discussed and the resolutions were adopted.

This technical note is a record of the 7th Management Panel.
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Synopsis

The 7th Management Panel on Collaboration Research Activities between the
following Institutes was held in 30 and 31 May 2002 at Tsukuba, Japan .
Othe Institute for the Protection and Security of the Citizen, Joint Research
Centre, EUROPEAN UNION (JRC-IPSC),
ONational Institute for Land and Infrastructure Management, Ministry of Land,
Infrastructure and Transport, JAPAN (NILIM),
OBuilding Research Institute, JAPAN (BRI)
The past activities related to the collaboration research were confirmed and the
future plans of the collaboration works were made.
This technical note is a record of the 7th Management Panel.
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SUMMARY, RESOLUTION AND RECOMMENDATIONS OF THE
SEVENTH MANAGEMENT PANEL ON COLLABORATION RESEARCH
ACTIVITIES BETWEEN JRC-IPSC J-NILIM AND J-BRI
(Tsukuba, Ibaraki, Japan, May 30 & 31, 2002)

The seventh management panel on collaboration research activities between JRC-
IPSC(Institute for the Protection and Security of the Citizen, the former JRC-1SIS), J-
NILIM(National Institute for Land and Infrastructure Management) and J-BRI(Building
Research Institute) was held in Tsukuba on May 30 and 31, 2002, for the purpose of
confirming the past activities related to the collaboration research, exchanging the related
research information and discussing the future plan of the collaboration works. The past
research results presented and discussed in a most friendly and cordial atmosphere. The
cooperative activities in the future were discussed, and the summary, resolutions and
recommendations were agreed.

1. PARTICIPANTS TO THE MEETING

From JRC-IPSC

Fabio TAUCER

From J-BRI

Toshibumi FUKUTA, Masaomi TESHIGAWARA, Hiroshi FUKUYAMA, Hiroto KATO,
Masanori II1BA, Kouichi KUSUNOKI,

Hiroshi KURAMOTO(former researcher of BRI, Toyohashi Univ. of Technology)

From J-NILIM

Mikio FUTAKI, Mizuo INUKAI

2. SUMMARY OF MEETING
The research results were presented and discussed on the collaborative research
items as written below.

(ITEM 1) : Comparison of the seismic performance of building structures designed
according to the current European and Japanese Norms (comparison)

(ITEM 2) : Development and validation of new design methods based on performance
concepts (performance concepts)

(ITEM 3) : Study of seismic action, such as impulsive type of ground motion in near-
source areas or long-duration long-period motion in the far field over soft soil
(seismic action)

(ITEM 4) : Study of the concepts of base isolation and seismic response control for
building structures (base isolation)



(ITEM 5) : Vulnerability assessment, repair and strengthening of existing building
structures (repair)
(ITEM 6) : Development of large scale experimental method (pseudo dynamic)

JRC-IPSC side

- Presentation of the research activities, structure and organization of the ELSA laboratory.
(F. Taucer)

- Safety Assessment for Earthquake Risk Reduction (SAFERR): Overview (F. Taucer)

- Seismic Performance Assessment and Rehabilitation (SPEAR): Overview (F. Taucer)

J-NILIM and J-BRI side

- Experimental Results on Stress-Strain Relation of Ti-Ni Shape Memory Alloy Bars and
their Application to Seismic Control of Buildings (T. Fukuta)

- Experimental Study on Torsional Vibration Behavior of Steel Frame Specimen with
Eccentricity (H. Kato)

- Seismic Performance of Retrofitted RC Slab Connected with Strengthening Frame (M.
Inukai)

- Posterior Time-Step Adjustment Technique in Substructuring Pseudo-Dynamic Test (K.
Kusunoki)

- Mass-eccentric Effect on Response of Base Isolation System for Houses (M. liba)

- Japanese Design and Construction Guidelines for Seismic Retrofit of Building Structures
with FRP Composites (H. Fukuyama)

- Sub-Structure Pseudo Dynamic Testing on 12 Storey Reinforced Concrete Frame with
Soft First Storey (H. Kuramoto)

- Smart Structural Systems Large Scale Test (M. Teshigawara)

Under the above considerations, the future plan of the collaborative activities was
discussed.

3. RESOLUTION
1) Both sides consider that the meeting was successful and fruitful.

2) Both sides re-affirm that the exchange of detailed information about the results of the
past activities was effective and should be continued at an increased level.

3) Both sides discussed the future areas of collaboration for research, namely: i) the
renewal of existing building structures and ii) the harmonization of testing methods
directed towards the development of performance based design methodologies. For this



purpose effective exchange of information during the next months will be maintained
by electronic mail, fax, telephone, etc.

4. RECOMMENDATIONS
1) Both sides will make any necessary actions for continuing collaboration on the present
agreement.

2) The materials and papers introduced in the meeting are bound as proceedings of the
seventh management panel.

3) The collaboration between J-BRI, J-NILIM and JRC-IPSC, acting as main
communication links of the Japanese and European research parties, will be
continuously pursued.

Tsukuba, Japan, May 31, 2002
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Fabio TAUCER, M. Eng.. Mikio FUTAKI, Dr. of Eng.
Chairman, Management Panel EU Side Chairman, Management Panel Japanese Side
Structural Mechanics Unit Building Department
Institute for the Protection and Security National Institute for Land and,
of the Citizen Infrastructure Management (J-NILIM)
Joint Research Centre (JRC-IPSC), Ministry of Land, Infrastructure and
European Commission Transport, Japan
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SEVENTH MANAGEMENT PANEL ON COLLABORATION RESEARCH
ACTIVITIES BETWEEN JRC-IPSC J-NILIM AND J-BRI
(Tsukuba, Ibaraki, Japan, May 30 & 31, 2002)

The seventh management panel on collaboration research activities between JRC-
IPSC(Institute for the Protection and Security of the Citizen, the former JRC-1SIS), J-
NILIM(National Institute for Land and Infrastructure Management) and J-BRI(Building
Research Institute) was held in Tsukuba on May 30 and 31, 2002, for the purpose of
confirming the past activities related to the collaboration research, exchanging the related
research information and discussing the future plan of the collaboration works. The past
research results presented and discussed in a most friendly and cordial atmosphere. The
cooperative activities in the future were discussed, and the summary, resolutions and
recommendations were agreed.

1. PARTICIPANTS TO THE MEETING

From JRC-IPSC

Fabio TAUCER

From J-BRI

Toshibumi FUKUTA, Masaomi TESHIGAWARA, Hiroshi FUKUYAMA, Hiroto KATO,
Masanori II1BA, Kouichi KUSUNOKI,

Hiroshi KURAMOTO(former researcher of BRI, Toyohashi Univ. of Technology)

From J-NILIM

Mikio FUTAKI, Mizuo INUKAI

2. SUMMARY OF MEETING
The research results were presented and discussed on the collaborative research
items as written below.

(ITEM 1) : Comparison of the seismic performance of building structures designed
according to the current European and Japanese Norms (comparison)

(ITEM 2) : Development and validation of new design methods based on performance
concepts (performance concepts)

(ITEM 3) : Study of seismic action, such as impulsive type of ground motion in near-
source areas or long-duration long-period motion in the far field over soft soil
(seismic action)

(ITEM 4) : Study of the concepts of base isolation and seismic response control for
building structures (base isolation)



(ITEM 5) : Vulnerability assessment, repair and strengthening of existing building
structures (repair)
(ITEM 6) : Development of large scale experimental method (pseudo dynamic)

JRC-IPSC side

- Presentation of the research activities, structure and organization of the ELSA laboratory.
(F. Taucer)

- Safety Assessment for Earthquake Risk Reduction (SAFERR): Overview (F. Taucer)

- Seismic Performance Assessment and Rehabilitation (SPEAR): Overview (F. Taucer)

J-NILIM and J-BRI side

- Experimental Results on Stress-Strain Relation of Ti-Ni Shape Memory Alloy Bars and
their Application to Seismic Control of Buildings (T. Fukuta)

- Experimental Study on Torsional Vibration Behavior of Steel Frame Specimen with
Eccentricity (H. Kato)

- Seismic Performance of Retrofitted RC Slab Connected with Strengthening Frame (M.
Inukai)

- Posterior Time-Step Adjustment Technique in Substructuring Pseudo-Dynamic Test (K.
Kusunoki)

- Mass-eccentric Effect on Response of Base Isolation System for Houses (M. liba)

- Japanese Design and Construction Guidelines for Seismic Retrofit of Building Structures
with FRP Composites (H. Fukuyama)

- Sub-Structure Pseudo Dynamic Testing on 12 Storey Reinforced Concrete Frame with
Soft First Storey (H. Kuramoto)

- Smart Structural Systems Large Scale Test (M. Teshigawara)

Under the above considerations, the future plan of the collaborative activities was
discussed.

3. RESOLUTION
1) Both sides consider that the meeting was successful and fruitful.

2) Both sides re-affirm that the exchange of detailed information about the results of the
past activities was effective and should be continued at an increased level.

3) Both sides discussed the future areas of collaboration for research, namely: i) the
renewal of existing building structures and ii) the harmonization of testing methods
directed towards the development of performance based design methodologies. For this



purpose effective exchange of information during the next months will be maintained
by electronic mail, fax, telephone, etc.

4. RECOMMENDATIONS
1) Both sides will make any necessary actions for continuing collaboration on the present
agreement.

2) The materials and papers introduced in the meeting are bound as proceedings of the
seventh management panel.

3) The collaboration between J-BRI, J-NILIM and JRC-IPSC, acting as main

communication links of the Japanese and European research parties, will be
continuously pursued.

Tsukuba, Japan, May 31, 2002
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Fabio TAUCER, M. Eng.. Toshibumi FUKUTA, Dr. of Eng.
Chairman, Management Panel EU Side Chairman, Management Panel Japanese Side
Structural Mechanics Unit Production Engineering Department
Institute for the Protection and Security Building Research Institute (J-BRI),
of the Citizen Ministry of Construction, Japan

Joint Research Centre (JRC-IPSC),
European Commission



Appendix 1

Section I Experimental Results on Stress-Strain Relation of
Ti-Ni Shape Memory Alloy Bars and Their
Application to Seismic Control of Buildings

presented by T. Fukuta






Experimental Results on Stress-Strain Relation of Ti-Ni
Shape Memory Alloy Bars and their Application to Seismic
Control of Buildings

Toshibumi Fukuta! & Masanori liba?

! International Institute of Seismology & Earthquake Engineering, Building Research Institute, Tsukuba, Japan
2 Department of Structural Engineering, Building Research Institute, Tsukuba, Japan.

ABSTRACT

The mechanical property of Ti-Ni shape memory alloy (SMA) for tension and compression was
investigated under super-elasticity. The test results demonstrated that the stress-strain curve for
compressive stress is completely different from that for tensile stress, irrespective of whether the load
is static or dynamic in nature. Super-elasticity was clearly evident under tensile strain of up to around
5%, but not under compressive strain, due to residual strain. Based on these results, SMA bars were
examined to apply to the brace-type response-control devices for houses in their super-elasticity phase.
It was found out that SMA has an effect to restore lateral drift of the structures to zero.

1. INTRODUCTION

SMA is a unique material that, when subject to stress, exhibits a “memory shape” effect linked to
temperature and also undergoes changes in basic properties such as super-elasticity. These
characteristics could potentially be applied to buildings to allow a degree of control over the building’s
behavior in response to external forces, opening up new possibilities in building design. Although the
tensile characteristics of thin wire have already been reported in experiments on the stress-strain
relationship, temperature change, and strain rate under super-elastic conditions, little is known about
how SMA behaves when subjected to compression. This study was designed to determine
experimentally the stress-strain relationship in SMA bars in super-elastic alloy phase when subjected
to compressive and tensile forces. Based on these results, SMA device of brace type response control
for houses was examined by analysis.

2. Stress Strain Relation of SMA Bar

The alloy composition (Ti-Ni-Co alloy) and manufacturing conditions were carefully selected so that
the test specimen would exhibit super-elastic properties at room temperature. Figure 1 schematically
shows material phase and transformation temperatures as measured using a differential scanning
calorimeter. The specimen with diameter 7 mm was fabricated from a bar of diameter 17 mm (Figure
2). The ambient temperature was around 26° C during the experiment. The readings from the two
facing strain gauges were monitored to watch whether the test piece was centrally loaded. The
readings deviated from one another only very slightly during the experiment. Similarly, eccentricity
under the compression load did not reach significant levels. The load waveform used a triangular
displacement-time relationship for both static and dynamic loads.

_11_
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Figure 3-a) shows the stress-strain relationship for the static tensile test. The experiment began with
three repetitions at each level (0%—-1%, 0% —2%, etc.), as shown by the solid line. The specimen was
then placed in a hot water bath at 50° C (hotter than the temperature at the end of the reverse
transformation) for ten minutes, and repetitions were performed during unloading (at 0% — 2%, 2% —

b) in compression
Figure 3. Comparison of Stress-strain curves for tension test and compressive one
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4%, etc.). The strain generally returned to zero after each loading, clearly indicating super-elastic
properties. Strain hardening can be observed from around 4% strain, where the curve gradient starts
increasing. A very small amount of residual strain was observed after removal of the strain
(approximately 4.5%).

Figure 3-b) shows the stress-strain curve under compression. Since the load was controlled by the
distance between the two chucks of the loading machine, the paths of the stress-strain curve took were
not exactly the same for all the sets of tests, because of the residual strain that remained in the test
piece after removal of the load. The curve for compression forces differs in shape from the tension
curve in Figure 3-a). The strain value shows no sign of the super-elasticity which would cause it to
revert to zero upon removal of the load. The residual strain in fact resembles the stress-strain
relationship for cold-formed carbon steel. Line AB is parallel to the initial stiffness, then strain BC
shows a strain reversion.

1000

~_ 500

Illll!ll!lj_

v b

~ strain (%)
-500 B

stress (N/mm

-1000 /. DA T ____________ L _____________

Ilillllllllll'lllj;llilllllf

-2 0 2 4 6 8 10

Figure 4. Stress-strain relationship for static tensile-compressive tests

Figure 4 shows the results of the tensile-compressive tests. The stress-strain relationship differs in
many respects (yield strength, rigidity of plateau area after yielding, final strain value after removal of
load) between the tension and the compression tests. Residual strain was observed after compression,
but this could be negated almost completely by then applying a tensile strain that was greater (in
absolute terms) than the compression strain that caused the residue.

Table 1. Average strain rate

strain amplitude 110 cycles 2" 10cycles 3710 cycles 4™ 10 cycles

+1% 0.828 3.89 16.5 -
+2% 0.798 3.90 16.5 27.1
+4% 0.973 4.69 215 37.1

Unit : %/sec.

_13_
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Figure 6. Effect of strain rate on Young’s modulus & yield strength
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Under dynamic loading, the load waveform was triangular. The amplitude was varied at +1%, +2%,
and +4%, in that order. Three or four different loading frequencies were used at each amplitude (see
Table 1). Ten repetitions were performed for each set of conditions. Therefore, a 110 repeated strain
applied to a test specimen. Figure 5 represents results of stress-strain curves under cyclic loading.
Overall shapes of curves are similar to those under static loading. Figure 6 presents effects of strain
rate on Young’s modulus and yield strength defined as 0.2 % offset value. The obvious relation cannot
be notified between strain rate and these values. Yield strength in compression is almost two times of
tension yielding under the strain rate tested.

3. SMA Device for Residential Houses

SMA bars clearly show super-elasticity in tension and not in compression. If SMA bars are used as a
tension member, it would effectively control a displacement response of structures and return their
lateral drift to zero after earthquakes. Then, a response control device with SMA bars is designed for
low-storied houses as the followings: 1) SMA devices carry lateral forces, and beam-to-column frame
supports vertical loads, 2) the size of SMA bars is designed so that the device has its required stiffness
and strength, 3) SMA bars are effective only in tension. 4) elastic design is applied to the other part of
the device under the yield strength of SMA bars (see Figure 7).

‘2 L-60x60x4

. _aEaOOr 2/ » SMA bar
N/ N/ Xf
I flis
V{ W column ) a8
}A EE M steel brace ,/, \\
beam-to-column frame —
. 800
set up into frame _
SMA-device

Figure 7. SMA device and its set up into a beam-to-column frame
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a) Stress-strain curve of SMA bars b) Restoring characteristic model

Figure 8. Restoring characteristic model of a structure with SMA devices
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In order to conform the performance of SMA devices under sever earthquakes, the response of a
structure with SMA devices was analyzed to ElI Centro NS wave of 340 gals maximum input. It is
assumed that beam-to-column joints of the frame are pin-joint, the frame of the device behaves in
elastic and the braces work only in tension. Therefore the restoring force characteristic of the structure
can be assumed to be similar to stress-strain curve of SMA, as shown in Figure 8-b). This multi-linear
model is based on the material test result of SMA in Figure 8-a). A single degree of freedom model
with 0.5 second natural period, 5% viscous damping and lateral yield shear Qy of 40% of total weight
was selected as an analytical model, which represents low-storied houses. The response is drawn in
Figure 9 in comparison with the system of bi-linear restoring force characteristics. The analysis
demonstrates that SMA devices return lateral drift of the structure to zero, on the contrary bi-linear
system has some amount of story drift after the quake. But the maximum lateral displacement of the
structure with SMA devices is about 1.5 times of the bi-linear model, because of lack of energy
dissipation.

SMA-mode

Figure 9. Time history of response of SMA-model & bi-linear model

4. CONCLUSIONS

This study looked at the stress-strain relationship for a columned specimen of diameter 7 mm
taken from a bar of diameter 17 mm. The experiment was conducted with the specimen at the
super-elastic alloy phase temperature. The specimen was subjected to static and dynamic
compressive and tensile stress. The test results demonstrated that the stress-strain curve for
tensile stress is completely different from that for compressive stress, irrespective of whether
the load is static or dynamic in nature. Super-elasticity was clearly evident under tensile strain
of up to around 5%, but not under compressive strain, due to the presence of residual strain.
The yield strength in compression is almost two times of tension yielding under the strain rate
tested. SMA devices were designed to control seismic response of wooden houses. Their
performance was examined to return story drift of structures to zero after earthquakes,
effectively.
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Abstract

Torsional response can destructively effect the seismic capacity of structures. Many damaged
buildings due to torsional vibration were observed after sever earthquakes. However, it cannot
be said that the mechanism of the damage due to the torsional vibration had been clearly
investigated. The main purpose of this paper is to reproduce the torsional response with the
pseudo dynamic test technique. One-span, one-bay and two-story steel structures were tested.
Three structures that had different eccentric ratios were designed for the pseudo dynamic tests.
Furthermore, shaking table tests on three structures were conducted to verify the validity of the
pseudo dynamic tests. From the shaking table and the pseudo dynamic tests, it was confirmed
that the pseudo dynamic test can adequately reproduce the response of structure with
eccentricity; eccentricity was not as effective on the maximum horizontal displacement at center
of gravity, but the maximum rotational angle was increased according to its eccentricity.
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1 Introduction

There have been many buildings damaged due to torsional response during severe earthquakes.
However, it cannot be said that the mechanism of the damage due to the torsional response has
been clearly investigated. One of the main purposes of this study is to reproduce the torsional
response of structures with eccentricity by the pseudo dynamic (PSD) test, and to investigate the
mechanism of the damage due to the torsional vibration. In order to verify the validity of the
PSD test, the shaking table tests were also conducted (Kato and Kusunoki, 2001). This paper
presents the outlines of earthquake response tests and the outcomes from the experimental study.

2 Outlines of Specimens

The specimens were one-span, one-bay and two-story steel structures as shown in Fig.1. Rigid
slabs made of reinforced concrete provided the inertia force for the shaking table tests, and were
used as the loading beam for the PSD test. The weight of each slab was 76.9kN for the first floor
and 78.0kN for the second floor. The eccentricity was provided only on the first story by
adjusting column positions as shown in Fig.1 a). Two of four columns were located closer to the
center of the slab than others. The natural period of the specimens need to be nearly the same to
neglect the effects of the frequency characteristics of the input motion. However, it is not easy to
provide structures with various stiffness eccentricities that have the same natural period.
Therefore the method of adjustment of column positions on the first story mentioned above was
applied for the test in order to make the natural periods of test structures almost constant.

H-Shaped steel was used for columns (H-125x125x6.5x9 for the first story and H-100x100x6x8
for the second story). The clear height of column between top and bottom base plates was
1,500mm as shown in Fig. 2. Material test results are shown in Table 1. Table 2 shows the
strength of column, the story shear and the story shear coefficients. The story shear coefficient
for the first story was 1.43 and 1.85 for the second story.

Column :
H-100x100x6x8

Column :
H-125x125x6.5x9

440mm (S1M30)

a) Shaking Table Test b) Pseudo Dynamic Test
Fig.1 Setup of Specimen
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Table 1 Material Test Results

H-125 (First story) H-100 (Second story)
Yield Strength (N/mm?) 304.4/301.7 347.8/340.1
Tensile Strength (N/mm?) 431.9/4355 475.6/473.6
Strain Fracture (%) 26.4/27.3 25.8/25.5

Left-side value is for flange, right-side value for web

Table 2 Strength of Specimen
Yielding Moment (KN*m) Story Shear at Yielding (KN)
First story 41.4/14.3 [2.9] 220.8/76.3 (1.43)
Second story 26.6/9.3[2.9] 141.9/49.5 (1.85)

Left-side value is for X Direction, right-side value for Y Direction
[ ]the ratio of yielding moment on X Direction to Y Direction
() Story Shear Coefficient

Test parameters are the values of eccentric ratio in the direction of

X. The X-axis is the direction of the input motion, as shown in ¥
Fig.1 a). The eccentric ratio of 0.0, 0.15 and 0.30 were applied in &Hll
the X direction. Here, the eccentric ratio is defined as a function of
distance between center of gravity and rigidity (Eg.1), which is
prescribed in the Building Standard Low Enforcement Order of SEE
Japan, and represents how easily a structure can vibrate torsionaly 71
(JBC/Japan Building Center, 2001).
( mm
I"e 1'gi5 mm
e : Eccentric Distance. The distance between center of
gravity and rigidity
Fig. 2 Column

r, : Radius of Spring Force.

Fex=Kr /Ky » Toy=/Kr /K,

Kr : Torsional Stiffness.
Kx Ky : Horizontal Stiffness to The Direction of X and Y

In structural design of building with eccentric ration larger than 0.15, design external force
should be made to increase up to 1.5 times in accordance with the values of eccentric ratio. An
eccentric ratio of zero means that the structure has no eccentricity. The test parameters are
shown in Table 3. The number of specimens are six, three were prepared for the PSD tests
(P00, P1M15 and P1M30).In addition, three specimens (S00, SIM15 and S1IM30) were used
for the shaking table tests in order to compare the reproduced behaviors between the PSD test
and those of the shaking table tests. In order to achieve the specific eccentricity, columns were
shifted by the distance shown in Table 3 from the location for the structure without eccentricity.

The test structure was assumed to be 1/2 scaled model of a real size structure. However, no
prototype structure in real size was designed because the main purpose of this research was to
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investigate the basic effect of the torsional response on structural damages, not to observe the
response of a specific structure. Because of this, the horizontal strength of column was assumed
simply to be proportional to the area of section. Scale factors for each item are listed in Table 4
(Kumazawa, 1996). Single underlined items are the items that cannot be scaled down, and
double underlined items are the items of which scale factor does not have proper relationship
with the real size structure.

Table 3 Names of Specimens and Test Parameters

Shifted Distance Names of Specimens
from Uniform Shaking Table | Pseudo Dynamic
Arrange (mm) Test Test
. : 0.00 0 S00 P00
icffgf:'eccﬁg;'o 0.15 310 SIM15 PIMI5
0.30 560 S1M30 P1M30
Table 4 Scale Factors
Physical Phenomena
Length 1/2 Area 1/4
\olume 1/8 Gravity Acceleration 1.0
Specific gravity 1.0 Mass 1/8
Rotational inertia 1/32 Time 1/2
Column
Young’s modulus 1.0 Axial strain 1.0
Curvature 2.0 Twisting strain 2.0
Horizontal strength 1/4 Horizontal stiffness 1/2
Yield deformation 1/2 Rotational stiffness 1/8
Response of Structure
Natural period 1/2 Horizontal acceleration 2.0
Horizontal velocity 1.0 Horizontal deformation 1/2
Rotational acceleration 1.0 Rotational velocity 10
Rotational deformation 1.0

Strains of steel columns were measured with strain gauges put on the flange at both ends of
columns as shown in Fig. 2 (black rectangular marks show strain gauge locations). Four strain
gauges were put at one end, eight gauges were used for one column, and totally strains at 64
different points were measured during the PSD and the shaking table tests.

Three displacement transducers were used to measure response bi-directional horizontal
displacement and rotational angle of each floor as shown in Fig.1 b). Two transducers were for
X-direction and rotation, and one was for Y-direction. Two additional transducers were used to
measure slip displacement at bottom of basement during the shaking table tests.

Three accelerometers were used to measure response acceleration during each floor at the
shaking table test. Two were for Y-direction and rotation, and one was for X-direction. One
accelerometer was placed on the center of the basement to measure actual input motion to a
specimen.
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The North-South component of
JMA-Kobe (Kobe Observatory of
Japan Meteorological Agency)
recorded at the Hyogo-Ken-Nanbu
earthquake in 1995 was used for
the input motion, of which time
axis was scaled down by 1/2
according to the scale factor. The
input earthquake wave and the
response acceleration
magnification ~ with  various
damping coefficient are shown in
Fig.3. Five different normalized
peak acceleration waves of 200,
450, 900, 1640 and 2400cm/sec?
were inputted in order of level.
Peak accelerations in a real size are
100, 225, 400, 820 and 1200
cmisec? because of scale factors.
The shaking table tests were
conducted with these input
motions prior to the PSD tests, and
recorded acceleration at the
basement of each specimen was
used for the input motion to the
PSD tests.

3 Input Motions

Normalized Ground Acceleration (*PGA gal)

-05

-1.0 l

Response Acceleration Magnification

1.0

0.5 i

o_o;w M« A MMMM”MAJMM A
_ U A v

Kobe NS Input wave
Original PGA 820.57 gal

0 5 10 15
Time (sec)

a) Earthquake Acceleration

10.0

1 1 1

[ [ [
JMA-Kobe(NS) Wave
Damping Coefficient

= % ||

8.0

6.0

4.0

20 J\gf j e
A ) SRR
p atural Period -
(Calculated : 0.23 sec)
00 J J

0.0 01 0.2 03 04 05 0.6 07

Scaled Model

r T T T T T T Real Size
0.0 0.2 04 0.6 0.8 10 12 14

Period (sec)

b) Response Acceleration Magnification
Fig. 3 Input Acceleration Wave

4 Test Results and Discussions

4.1 Fundamental Characteristics of Specimens

In order to measure natural periods and damping coefficients of specimens, responses with the
white noise input were measured at the shaking table tests. On the other hand, since a stiffness
matrix was needed for the PSD tests to assume a damping matrix, unit loading tests, that small
amount of force was loaded at each floor and in each direction, were carried out just after setting
up each specimen. Then, all responses for each force were measured, and the flexibility matrix
was generated. The natural periods were calculated with the flexibility matrix and the mass
matrix for each specimen. Measured natural periods were listed in Table 5. The damping
coefficients could be assumed as 1% from the shaking table test with the white noise. The

damping coefficients of 1% proportional to the initial stiffness were assumed for the PSD tests.
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The natural periods in both X and Y direction of the shaking table and the PSD tests are almost
the same, however, those of torsional response are a little different. Since the natural periods of
the shaking table tests were calculated with transfer function at the white noise input, the
accuracy of the natural period of the torsional response is not so high because it is higher modes.

Table 5 Natural Periods (sec)
Specimen X Direction Y Direction Torsion
P00 0.264 0.401 0.201
P1M15 0.264 0.390 0.217
P1M30 0.276 0.393 0.226
S00 0.260 0.410 0.220
S1M15 0.280 0410 0.240
S1M30 0.280 0.410 0.250

4.2 Comparison of Results of PSD Tests and Shaking Table Tests

Responses of Specimens

The response displacements at center of gravity on roof floor in the X direction and rotational
angles of the first story of which the input level was 1640cm/sec?, are shown in Fig.4. In the
figure, solid lines show the results of the PSD tests and broken lines are those of the shaking
table tests. It can be said that the response displacements of PAM15 and P1M30 agreed very well
with those of the shaking table tests, which include maximum response displacements. And the
rotational angles of those specimens also show rather well correspondence. However, the
response displacement of POO was evidently larger than that of SO0, the behaviors of both did
not coincide. From Fig. 4, the maximum response displacements at center of gravity of
employed specimens are almost in agreement, in spite of difference of eccentric ratios.
Meanwhile the response rotational angles of specimens with eccentricity grow with increasing
of eccentric ratio, as against those of POO and SO0 are very small. It was observed that the
eccentricity of specimen was inclined to have an influence on the rotational response.

The relationship between story shear force and inter-story drift in the first story of the PSD for
the same input level are compared with those of the shaking table tests in Fig.5. Though the
behaviors of P1M15 and PAM30 agreed well with those of the shaking table tests, the result of
P00 was different from that of SO0, especially the initial stiffness of the shaking table test was a
little higher than that of the PSD test. Because of the difference of stiffness, the response of the
PSD test did not agree with that of the shaking table test. The reason why the stiffness of S00
and P00 were different needs further investigation. From these results, it will be said that the
PSD test can adequately reproduce the dynamic response of specimen, if the stiffness of
specimen is in agreement.

The orbits at center of gravity in the first story of the PSD tests are illustrated in Fig.6. The
results of PAM15 and P1M30 show drifts in Y direction, it is understood that the effects of
eccentricity promote the deflection of perpendicular direction where input motions were not
given.
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Fig.4 Dynamic Responses of Specimens for 1640cm/sec? Input

3004 1 1
P00 & S00 P1M15 & S1M15 P1M30 & SIM30 ‘

= 200 o
o 100
(@]
5 p
& 100 R/ é 4
> 7 ‘Y oL _o~1 4
é -200- 4/{7 [ st story |— o A [ — PsD Test
1) = SO R I Dynamic Test

-300 — , I

230 -20 -10 0 10 20 30-30 -20 -10 O 10 20 30-30 -20 -10 O 10 20 30
Relative Story Disp. (mm)
Fig.5 Story Shear Force and Story Drift Relationship (1640cm/sec? Input)

£
E
= 204 1 1
i=l
§ P00 P1M15 @a
5 10
T
i L
- I—
g ° -
[a]
> &= =
§ -10
n 1st. Story
g
E 20 , , , ,
e 30 15 0 15 30-30 -15 0 15  30-30 -15 0 15 30

Relative Story Disp. in X-direction (mm)

Fig.6 Orbits of Center of Gravity of PSD Specimens (1640cm/sec® Input)
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Maximum Responses

Figure 7 a) shows maximum response displacements at center of gravity of the first story in the
X direction for each input level. As mentioned before, POO and SO0 are quite different especially
for relatively large input levels. PAM15 and P1IM30 agree well with SIM15 and S1IM30
regardless of input level. It can be seen that there is the tendency to slightly increase the
maximum response displacement at center of gravity with increasing of the eccentric ratio.
Figure 7 b) shows maximum torsional response angle of the first story for each input level.
Maximum torsional response angle of P1M30 at input level of 1640 cm/sec? was 28% smaller
than that of SIM30. Maximum torsional response angle is the relative angle to the basement and
residual torsional angle could be accumulated. Maximum angle of P1M30 at input level of 2400
cm/sec’ was also 27% smaller than that of S1IM30. Maximum torsional response angle
increased according to the eccentric ratio. For example, the ratios of maximum angle to PAM15
at input level of 1640 cm/sec? were 1.15 (P1M30).

0.030

2nd Floor level
® 200cm/sec’

50

2nd Floor level
0.025 = 250 cm/sec’
® 450

A 900-1

v 900-2

0.020 * 1640

< 2400 < *

® 450
A 900-1
v 900-2
40 & 1640
<« 2400

30

0.015

*

<

4
<
<

* PS

0.010

v Y A\ 4

v

1‘ L ] n

0.005

Max. Rresponse Disp. of 1st Story in X Direc. (mm)
A
Max. Response Torsional Angle of 1st Story (rad)

0.000
P00 S00 P1M15 S1M15 P1M30 SIM30 P00 S00 P1M15 SiMm15 P1M30 S1M30

Specimen Specimen

a) Disp. of 1st Story b) Torsional Angle of 1st Story
Fig.7 Maximum Responses (1640cm/sec’ Input)

Responses of Individual Columns

Since the tendency of promoting torsional vibration by eccentricity of specimen was observed as
mentioned above, the responses of individual columns will be indicated below. Figure 8 shows
the response displacement of eccentric and non-eccentric bays with those at center of gravity of
P1M30 at input level of 1640 cm/sec?. The displacement of eccentric bay are larger than that of
center of gravity, on the other hand the one of non-eccentric bay show opposite trend. The ratio
of maximum response of eccentric bay to that at center of gravity was about 1.4; the one of
non-eccentric bay was 0.6. Those outcomes make clear that the eccentric bay is forced to be
deformed largely, in spite of the displacements at center of gravity of each specimens were not
so different as shown in Fig.4 a).

The restoring characteristics of individual columns in the first story of specimens with
eccentricity are illustrated in Fig.9. Here, Column 2 is in non-eccentric bay and Column 3 is in
eccentric bay as shown in Fig.1 a). The abscissa of the graph is deformation of column and the
ordinate shows shear force obtained from measured strain of column. The restoring
characteristics of the PSD and the shaking table tests adequately agreed with each other, it is
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conformed that the both results correspond in the level of structural elements. The Columns 3
have a spindle-shaped hysteresis loops, it means that the columns had been yield and reached in
plastic range. On the other hand, the Columns 2 show elastic restoring characteristics, those had
remained in elastic range. The phenomena which areas of hysteresis loops of P1IM30 and
S1M30 are larger than those of P1M15 and S1M15, show the possibility that structural element
in eccentric bay will be suffered heavy damage in large earthquake excitations.

40_- — Center of Gravity

g P+ Non-Eccentric Bay
é 20 1 SN S Eccentric Bay
= 10 e - H '/\ non T
5 ol R UL N\MM{\VAVW
2 _go] |V
[ o E u "r vl \ﬁ v
& -20] R

_30 y

_40 T T T T T T T T 1

Time (sec)

Fig.8 Comparison of Displacement Response in Each Streets of Specimen
(st story of PLM30, 1640cm/sec? Input)
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= [}
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L g © 80
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B 4 / y ? 4 y
-4 -40
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Fig.9 Restoring Characteristics of Individual Columns (1640cm/sec? Input)
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5 Concluding Remarks

In order to investigate the mechanism of damage due to torsional response, a series of PSD tests
on the specimens with eccentricity were conducted. Furthermore, in order to verify the validity
of the PSD test, the shaking table tests on the same specimens were conducted. The outcomes
from this experimental study are summarized as follows;

1. The pseudo dynamic test technique with torsional response was newly developed. If the
stiffness of specimen can be given properly, the pseudo dynamic test can reproduce the
dynamic response of eccentric specimen with sufficient accuracy.

2. The displacement response at center of gravity of specimens was not so influenced by the
values of eccentric ratio.

3. Torsional response angle increases evidently according to the eccentric ratio.

4. There is the possibility that structural elements in eccentric bay will be suffered heavy
damage in large earthquake excitations.
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SEISMIC PERFORMANCE OF RETROFITTED RC SLAB
CONNECTED WITH STRENGTHENING FRAME

Mizuo INUKAI", Takashi KAMINOSONO?
Motoyuki TOHARA™Y, Tadashi KIMURA®, Hironobu IMAMURA?

Key Words: 1995 Hyogoken Nanbu Earthquake, new retrofit method, existing building,
reinforced concrete slab, non-shrinkage mortar, apartment house

1. Purpose

Since the 1995 Hyogoken Nanbu Earthquake, the retrofits for the old buildings are
done but there are few research activities about the retrofit method for middle high rise
apartment houses. Generally, the retrofit is executed for office buildings, school
buildings and so on which the users can move out during the retrofit construction works.

It means that it is needed to develop a new retrofit method which the resident people
can use their buildings continuously during this retrofit works. In apartment houses,
there are always few residents who cannot accept the temporary remove during retrofit
construction works.

In 1998, the research activities was done about the retrofit of the high rise apartment
house with Steel Reinforced Concreter Structure which was designed by the old seismic
code before 1981. These activities proposed that the retrofit method should use the
strengthening frame with Reinforced Concrete Structure outside of the existing structure
[1]. And the researches were not made about the construction method for the continuous
use or the connecting method between the existing structure and the strengthening
frame.

Therefore, this research paper describes the experimental study about the seismic
performance of the reinforced concrete slabs retrofitted by the non-shrinkage mortar.
This slab is connected between the existing reinforced concrete frame structure and the
strengthening frame.

2. Model building

The model building is 11 storeys apartment house [1]. The lower 7 storeys is the Steel
Reinforced Concrete Structure, and the upper than
it is the Reinforced Concrete Structure. The
number of spans in the span direction
(X-direction) is 1 and one in the ridge direction
(Y-direction) is 14 (Fig.1, Table 1). This model e
building was designed by the old seismic code Efomprfﬁswil strngih 20(“31/(}?2”)
before 1981. According to the seismicity L

. . . -Light Concrete X

assessment [1], the maximum IS index [2] on each | Mawrial | (Compressive strength 20(N/mm’)
fl fi 03. to 0.8, and especially the (Upper than column on 3 floon

OOI: was r'Om ' T p y -Steel bars: SR235,SD295,SD345
maximum IS index on 5-10 floor was less than 0.6. Steel: SS400
That means the building needs some retrofit.

Table 1 Model Building

Size 11 storeys with pent house of 3 storeys

Structure -Steel Reinforced Concrete
uctu (Lower than 1 meter high on 7" floor)

type -Reinforced Concrete (Upper than it)

1) Senior Research Engineer, Building Department, National Institute for Land and Infrastructure
Management, Ministry of Land, Infrastructure and Transport. Tsukuba-shi, Ibaraki-ken,
305-0802, Japan)

2)Associate Director, ditto.

3)Urban Development Corporation
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The retrofit plan in 1998 proposed the
required strength to get the enough Is
index which is more than 0.6. And the
retrofit  method  should wuse the
strengthening frame on the outside of the
corridor and the verandah of the building
by connecting with the existing structure
using  prestress  steel  bars.  This
strengthening frame should have 7 spans
among the 14 spans and the existing slab
in 3 spans should be retrofitted by the RC
slab. The problem of this method is that
almost reinforce concrete slabs should be
retrofitted for their shear force transfer (2) Y 1-frame elevation
performance  between  strengthening Fig] Model building
frames beside the outside frames. The
strengthening frame is designed to support the strength shortage of the existing frames.
This shortage of strength should be transferred from the existing frames to
strengthening frames finally to foundations or ground.

The existing slabs of this building are cantilever with beams at their end.

In this research paper, we used the Anchors to set up the retrofit slabs underneath the
existing slabs. That is because the Anchors don’t need the construction workers to enter
into some private spaces without any anchorage wholes which go through the beams.
This retrofit construction works need only the public spaces, for example, corridor, or
verandah. So, it is useful to build strengthening frames beside the outside frames.

In order to decrease the period of the construction works, we use half-precast slabs for
the retrofit slabs. And we considered that the columns of the strengthening frame should
be precast RC members and the beams should be cast-in-place RC members. That is
because the beams of the strengthening frame need some large tolerance about the
position of the anchorage wholes to connect with the existing members which do not
have enough accuracy about the position
of the steel bars. We used half-precast

[] Handrail
[

Slab steel bars in " | Retrofit beam
slabs because we can shorten the [ retrofit slab _ of strengthening
] ) ) Xisging ; Truss steel barsin || o
formworks in the public spaces which slab  / {elfprecastsib L
sometimes interrupt the walks or the | == —w—p—e- |
emergency escapes for residents (Fig. 2). L\ Half-precast slab \ Anchors
Therefore, it is possible to use \Biab stoc] bars T
alf-precast slab
continuously the apartment house during Section of corridor in public space

the retrofit construction works. And we
need the experiments about this retrofit
method and its seismic property.

Fig.2 Overview of Retrofit slab

3. Specimens

The specimens are shown in Table 2 and Fig.3. The specimens are made of existing
slab in depth of 110mm and retrofit slab in depth of 100mm which is cast by
non-shrinkage mortar which is between existing slab and half-precast slab in depth of
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Table2 Specimens (unit:mm)

Specimen | Size | Existing Slab Retrofit Slab Half-Precast Slab
Flret-Om
(no-retrofitted)
Length:2,000 Width:1,300
Flret-1m Width :1,300 Length |Depth: 100 Length
(retrofitted) Depth: 110 {1,000 Slab Steel bar 1,000 |Width:1,260
Full-Slab steel bar 1 (Both directions) Depth: 60
scale |(Span-direction) D10@200 Slab steel bar
Slab [D13@200 double (Both directions)
Slab steel bar 2 Anchors D108200 double
Flret-2m abstee’ bar = 11 ength|D16@200 Length
(retrofitted) (Ridge-direction) 2000 |Insertdepth: 130y ggg |Truss steel bar
D10@200 double[™™™" |Whole diameter:20| ~ [¢13-06-¢6-H65
Anchorage length:
480
Slab steel bar Slab steel bar
(both directions) (both directions)
Existing slab Bisting slab  DI0@200 Existing slab DI0@200
Foundansn Reaction beam Foundagi on I%'acpj"én beam Foundagi on I%acpi"én beam
= Ffﬁ == = Anchor 2= = —_ Anchor
- S = DI6@200 - == DI6@200
. ‘ R Half-precast slab J?eLmﬁleah Half-precast slab
(b)Section (b)Section (b)Section
Slab steel bar 1 ;
— (Span direction) “* Anchor | = Anchor
| DI3@200 double ‘r | DI6@200 -— T | Di6@200
Slab steel bar 2 & = E:' — | Slab steel bar == Slab steel bar
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Fig.3 Steel bar arrangement
60mm. The half-precast slab has a function to be forms for fresh concrete. The total
depth of these specimens is 270 mm which is the same as the depth of the beams at the
end of the existing slabs. The scale is full-scale because we have to use the drill
machine for anchors underneath the existing slabs. The minimum size between the
bottom end of the existing slab and the center of anchors is 65mm.

In order to assess the effect of the retrofit and the length of retrofit slabs, the
parameter of the specimens is the length of retrofit slab which is Om, 1m and 2m.

The existing slab has steel bars D10@200double in the ridge direction (Y-direction)
and D13@200double in the span direction (X-direction). In the model building, slab
steel bar is D10@200double in both directions. The existing slab steel bars are
increased because we considered that the specimens should be collapsed in shear mode
and should have some effect of the next existing slab in the ridge direction.

As for the making of the specimen with retrofit slab, at first, we made a existing slab,
a reaction beam and a foundation. 1 week later, we cast a retrofit slab after the cast of
anchors D16@200 on the reaction beam and the foundation underneath the existing slab,
retrofit slab steel bars D10@200 in both directions, half-precast slab with a truss of
round steel bars of ¢p13-¢6-¢6 and which height is 65mm, and non-shrinkage mortar
between the existing slab and the half-precast slab.

When anchors are cast, anchorage wholes in depth of 130mm and in diameter of
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20mm are prepared before the casting of concrete in
the foundation and the reaction beam. The anchorage
material for D16@?200 is the capsule type adhesives
made of glass tube. One tube is inserted into the
anchorage whole, and an anchor steel bar D16 with a
section end 45 degrees cut is inserted into an
anchorage whole with rotations by a drill machine.
The anchorage length from the surface of the
foundation or the beam to the other end of anchors
D16 is 480mm. We used a low noise drill machine for
the residents of the apartment house.

The diameter of anchor 16mm is the maximum size
which is possible to cast under the corridor
slab in width of 1,300mm because the

Table3 Material properties
of Concrete and Mortar

Part to be used oC Ec &C
Concrete of slab in
not-retrofitted 31.3 | 3.33 | 1,775
specimen
Concrete of existing
slab in retrofitted 33.5 ] 3.07 | 1,943
specimens
Mortar of retrofit 60.1 | 2.17 | 5411
slab
Concrete of
half-precast slab 406 | 2.80 | 2,248

Notes) oc: Compressive strength(N/mm?)

Ec: Young modulus x10*(N/mm?)

gc: Strain at compressive strength
x10(mm/mm)

Table 4 Material properties of Steel bars and Anchors

required anchorage length is 30 x diameter

Part to be used

Size

(Nominal name) ot Es &8 o0

(=480mm), the required insert length is
130mm, and the length of a drill machine is

Existing slab

DI13(SD295A)| 349 | 1.79
DI10(SD295A)| 338 | 1.79

1,951| 493
1,889| 468

about 400mm. Total length is just less than

Retrofit slab |D10(SD295A)| 361 | 1.75

2,060| 505

1,300mm. The space between anchors 200mm

Anchor

D16(SD295A)| 343 | 1.81 | 1,892| 484

is the required minimum size.

Non-shrinkage mortar should be filled in all
volume of the retrofit slab. That is why we
made a filling test before casting which is
executed by the Prestressed Concrete
Construction Company (Photo 1). The
wooden forms for the 4 headers and the
bottom, and the acrylic plate for the top were
prepared for the filling test. The vinyl tubes
are inserted from the one end of this filling
test specimen to the opposite end, and
non-shrinkage mortar is cast from the
opposite end. The vinyl tubes inserted in the
opposite end is the air exit for filling. After
the mortar reached the one end, the
specimen is left for cure in
one day. The next day, we
confirmed that the mortar is
filled enough just underneath
the acrylic plate.

The material properties are
shown in Table 3 and Table 4.

Reaction frame
Specimen

Oil jack

4. Experiment

The loading test is made
with the slab horizontal
(Photo 2). By this loading
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Notes) ot: Yield strength(N/mm?)

Es: Young modulus x10°(N/mm?)
gs: Strain at yielding x10°(mm/mm)

o0: Tensile strength(N/mm?)

Filling test of non-shrinkage mortar

Photo 2 Loading test



test, we can know that the retrofit slab or the half-precast slab would fall down or not.
The foundation is fixed to the reaction floor and the reaction frame, and the reaction
beam is supported by the roller supports. 2 oil jacks on the 2 ends of the reaction beam
load the horizontal force in plane of a slab like a cantilever beam loading.
During the loading, when the slab steel bar in the span direction is yielding, another
prestress steel bars are installed near the ends of the slab to escape from the flexural
failure mode.

5. Results

The horizontal force — displacement relationship is shown Fig.4. The maximum
horizontal force is 913kN of specimen Flret-Om, 1,037kN of Flret-1m, and 1,341kN of Flret-2m.
The failure mode is shear failure for all of 3 specimens.

As for the retrofitted specimens, Flret-1m and Flret-2m, the retrofit slab is separated from the
existing slab at the displacement more than 20mm and do not fall down to the ground.

As for the specimen Flret-1m, in the half-precast slab, many flexural cracks and shear cracks take
place. At the foundation, the same crack as the cone failure of anchors take place.

As for the specimen Flret-2m, in the half-precast slab, any cracks do not take place.

g Z z
g S g
= B s
E Ei g
S A = =
: :
= - =
S 5 S}
= T T
=1+500 1500
Horizontal displacement(mm) Horizontal displacement(mm) Horizontal displacement(mm)
(1)Specimen Flret-Om (2)Specimen Flret-1m (3)Specimen Flret-2m

Fig.4 Horizontal force — displacement Relationship

6. Conclusions

(1) These specimens make clear that the shear force transfer property between the
strengthening frame and the outside frame increases by the set up of the retrofit slab
and the length of the retrofit slab.

(2) .It is possible to cast the retrofit slab underneath the existing slab with the enough
filling property.

(3) By the anchors and the half-precast slabs, it is possible to use the building
continuously during retrofit works.
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Abstract

The pseudo-dynamic test is a hybrid testing method consisting of a numerical
simulation of the earthquake response by using a numerical model and a loading test of
a specimen. The pseudo-dynamic testing technique has been applied to various seismic
experiments since it has advantages over the shaking table test, i.e. enables us to study
dynamic behaviors of relatively large-scale structures. However, experimental errors are
inevitable in the pseudo-dynamic test. Some of these errors cannot be eliminated due to
limitations in control system. It is often reported that dynamic responses of testing
structures are much affected by cumulative control errors. To minimize the control
errors in the pseudo-dynamic test, two numerical integration techniques, PTA (Posterior
Timestep Adjustment technique) and MPTA (Modified PTA) are proposed herein. A
posterior adjustment of the time increment from afixed value of Atto an adjusted value
was performed to minimize the effect of the control errors in PTA and MPTA
technigues. In this paper, the testing procedures and the proposed numerical technique
are reviewed. First, a numerical simulation of alinear and non-linear response analyses
with Multi-Degree-of-Freedom (MDF) model by considering an undershooting control
error at the first story (the first story was supposed as a testing story) was carried out.
Then a pseudo-dynamic loading tests with a second-degree-of-freedom system of which
the first story was experimentally loaded were conducted. In the above two series, both
the PTA and the MPTA were performed, and their validity to minimize the control error
is discussed

I ntroduction
The substructuring pseudo-dynamic test (referred to as SPT test subsequently) is a

hybrid method. The restoring force vectors calculated in a computer with numerical
hysteresis models and measured from aloading test are combined into a global restoring
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force vector for the whole structure at each numerical integration step. It has advantages
over the shaking table test by studying the dynamic response of relatively large-scale
structures.

Computer-controlled actuators are usually applied to the loading system of SPT tests. It
is well accepted that random error appears at measuring and controlling instruments.
Furthermore, control error can also occur in an actuator control system. These errors are
significantly affecting the accuracy of SPT test [Kabayama, 1995]. New integration
technigues in which time-step is adjusted to reduce the effects of the control error, PTA
and MPTA are proposed herein. The purpose of this paper is to estimate the stability and
the accuracy of these techniques for an SPT test.

Control error

Actuators are usually controlled with analogue voltage. On the other hand, computers
are digitally controlled. Signals of the loading system therefore must be controlled
through the Analogue-Digital and Digital-Analogue transfer (referred to as A/D and
D/A transfer subsequently). A minimum controllable displacement s, depends on the

precision of the A/D and D/A transfer, and it can be given as follows.

min

S = 2 (1)

min — An
2n

In this Equation, +¢ represents an actuator stroke length and 2" represents the precision
of the A/D and D/A transfer board in a computer. It isimpossible to control an actuator
closer to a target displacement if the distance from a target displacement is less than
5., (Fig. 1(a)). Usualy the undershooting error is applied to define the target

displacement in order to avoid the damage to a specimen caused by the overshooting
displacement. If the undershooting error is applied, the measured displacement does not
reach the exact target displacement at each step. Thus, the hysteresis characteristic used
in a numerical integration becomes different from that of a real specimen. Especialy
when the response displacement is relatively small in linear domain. For the latter, the
hysteresis curve shows an anti-clockwise loop (Fig. 1 (b)). Although the value of the
control error isvery small, the calculated response is much amplified compared with the
real response leading to an additional energy input caused by the anti-clockwise loop
[Kabayama, 1995].

Real histeresis of
specimen

Undershooting

Restoring
Force

Measured
Point

Calculated
Point

Hysteresis in

Present Target
computer

Displacement Displacement

L4
Displacement

(b) The effect of undershooting control

(a) Undershooting control error
error

Fig. 1: Undershooting control error and its effects
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Posterior time-step adjustment technique (PTA)

It can be said that an appropriate response cannot be calculated with the SPT test using
the Operator-Splitting (OS) integration technique [Nakashima et. al., 1990], which does
not consider the effect of the control error. In this section, procedures of the PTA
technigue based on the OS technique, which reduces the effect of control error, are
introduced [Yi and Peek, 1993]. The value of the control error displacement measured
in an SPT test is calculated from the difference between the predictor displacement
{y;ﬂ} (Eq. (2)) and the measured displacement {y;ﬂ} of the experimental portion in the

SPT test. The new predictor displacement vector { ¥,} with variable time-step t, is
then defined by Eq. (3):

(il = vabe (s {3} @

{Fa) = U+ ()t + {3, 3

And the value of the variable time-step 4t,, which minimizes the norm | {3 ,|-{ v, }

can be found through the Newton-Raphson convergent technique. The effect of the
control error on the response displacement at n-th step obtained from Eq. (4) can be
reduced using 4t, instead of 4t and { ¥, } instead of {y’..}. In other words, t, is the
appropriate time-step, which minimizes the difference between the predictor and the
measured displacement of a specimen.

(MG} + [CH Vo) + 1 Qi+ [K (o) = Vo)) = ~IM1{ 52} (4)

In order to reduce the control error of both experimental and numerical portion, the
whole displacement data is used to calculate the norm (Fig. 2 (a)). The norm of the
whole displacement vector is generaly formulated as Eq. (5). If the weight matrix [G]
can be determined properly, an appropriate 4t, can be obtained. However, it can be

accepted that it is difficult to define [G] properly. A time range parameter ¢ needs to be
determined in order to avoid a negative or relatively large 4t, value as shown in Eq. (6).

H { y;u}_{ y;:l} H = \/({ y;u}_{ y;il})t[e]({ y;u}_{ y;:l}) (5)

(At s Aty o ) = [(1— 0)t, (14 0) t] (6)

Modified posterior time-step adjustment technique (MPTA)

As mentioned in the previous section, it is difficult to determine the appropriate weight
matrix [G] in the PTA technique. As aresult, an appropriate At, can not be found by the

PTA technique. To overcome this disadvantage of this technique, a new method, MPTA
is considered. In the latter, the whole structure is divided into a numerical and
experimental portions. The value of 4t, is calculated from only the displacement data of

the experiment portion, which contains the control error. In this section, the procedures
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of the MPTA technique are introduced. In these procedures, force and displacement
vectors of the whole structure { } need to be divided into an experimental portion { }.

and anumerical portion { }, through re-assembling nodal numbers appropriately so that
{F canform {{ L (1.

Firstly, the predictor displacement value of the testing portion{ y.., |, is calculated with
afixed time-step 4t. Then { y;ﬂ}E is imposed to the actuator as a target displacement.
The restoring force vector { Q;+1}E and the displacement vector { y;+l}E of the

experimental portion are measured when the distance between the target displacement
and the measured displacement of a specimen islessthan s,,, (Fig. 2 (¢)). The variable
time-step 4t,, which minimizes the norm |{y, .} {7} |, can be found with the

Newton-Raphson convergent technique. The equation of this norm is defined by Egs.
(7) and (8), where [1] represents the unit matrix.

(Frale = Donde + Oty + 7 9t v

(50t e {5t e| = €Tt {50 ) DT} e - (30 0) (8)

The predictor displacement vector of the numerical portion {y;,}, can be calculated

with 4t, as Eq. (9) (Fig. 2 (¢)). The restoring force vector of the numerical portion
{Q..}, a {y:.}, canbe calculated with the numerical model.

oada = (e dat 030}ty + 190}t ©)

Y,

v, [

Analysis

Testing

(a) SPT test (b) PTA Technique
(C) MPTA Technique
Fig. 2: SPT test with the PTA and the MPTA techniques
for atwo-degree-of-freedom system

The restoring force vector of the whole structure { Q;+1} can be calculated by combining
{Q..Jc and {q:,,},. Finaly the response displacement vector at (n+1)-th step {y,.,} can

be obtained from Eqg. (4) and 4t,. The range of 4t,is defined by Eq. (6) in order to
avoid anegative or relatively large 4t, value as mentioned earlier.

If the increment of the predictor displacement of the experimental portion at n-th step
{ay,} is less than s,,,, the actuator maintains the present position (Fig. 3 (a)). If the
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increment of the measured displacement is zero, 4t, always becomes negative or zero.
Then at is used in Eq. (4) instead of at,, and the restoring force of the experimental
portion is calculated numerically with alinear extrapolation technique (Fig. 3 (b)).

1 A N
8] Target @ min
2\ ‘ 6min g
g =
< Present < _
5 (n-1)-th step - Target at
<> T § n-th step
2 (n-2)-th s
2 Increment of
it Displacement at Displacement
n-th Step
(a) Increment displacement becomes zero (b)  Linear extrapolation method

Fig. 3: Linear extrapolation method

Numerical examination with PTA and MPTA

Linear and non-linear dynamic response analyses were carried out with a six-degree-of -
freedom shear mode vibration system (referred to as MDF subsequently) by considering
the effect of the control error numericaly to estimate the basic characteristics of the
PTA and the MPTA. The first story was assumed as an experimental portion. The unit
matrix [I] was used as the weight matrix of the PTA in this paper.

The weight of each floor was 172.80 tonf and the height of each story was 4.0m. The
damping coefficient was assumed 0.0%, since the main purpose of this paper is to
investigate the effect of the control error. Takeda Tri-Linear Model was used as a
hysteresis model of each story [Takeda et. al., 1970]. The restoring forces and the
displacements at each stiffness degradation point were calculated and each parameter of
the MDF islisted in Table. 1.

Table. 1. Parameterslist for SDF and MDF (tonf, cm) [AlJ, 1992]
SysteiStory| Fc | Dc | Fy | Dy | Fu | Du

m .
1 (108.00] 0.36 [324.00| 2.67 |327.24| 13.33
2 98.74| 0.36 |296.23| 2.67 |325.85| 13.33
MDE 3 |88.87] 0.36 [266.61| 2.67 |293.27| 13.33
4 180.23| 0.36 [240.69| 2.67 |264.75| 13.33
5 [63.36]| 0.36 |190.08] 2.67 |209.09| 13.33

6 |37.03]| 0.36 [111.09| 2.67 [122.19| 13.33
Fy ; Ultimate lateral resistance in each story (base shear coefficient is assumed 0.3).

Dy = Story height/150.

Fc =Fy/3.0.

Dc ; Calculated with Fc, elastic stiffness and stiffness degrading ratio (0.4).

Fu, Du ; Calculated so that post yielding stiffness Fu— Fy/Du— Dy is Fc/Dc times 1/1000.

g rwpdpE

The input acceleration records for the pseudo-dynamic test conducted by Kabayama et
al. was used as the input earthquake data by scaling its peak acceleration to 500 gal (Fig.
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4).

The Max/Min stroke length of the actuator was assumed +15cm and the precision of the

A/D and D/A transfer board were adjusted 11 bits. Asaresult, 6

was 0.0146 cm. The

min

undershooting control error was applied and the value of the undershooting control

error was calculated to ssimulate the SPT test with §

in each step. The parameter ¢

min

and the weight matrix were assumed 0.5 and unit matrix [I], respectively. It should be
noted that the PTA and the MPTA techniques proposed in this paper can be applied to
both the undershooting and the overshooting control errors.

500
400
— 300
[+
2 200 |
§ 100 M RI Lu I
£ o bl A L
AT ey
3 Fy
T 200 !
8 a0
o
-400
0 5 10 15 20
Time (sec)
Fig. 4: Theinput earthquake data
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Fig. 5: Linear and non-linear responses of MDF system
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MDF SYSTEM

Fig. 5 (&) and (b) show the time histories of linear response displacement at the first
story. It can be said that the response displacement of the OS /W Error was amplified
compared with that of the OS W/O Error. The spurious high mode effect of the OS W/
Error was predominant because of the undershooting control error [Nakashima et. al.,
1982 and 1983]. Furthermore, the PTA could not reduce the effect of the control error,
and the spurious high mode effect of the PTA was also predominant as aresult of the OS
W/ Error. One of the reasons that the PTA cannot reduce the effect of the undershooting
control error is the assumption of [G]=[l]. One can easily imagine that it is difficult to
define the weight matrix [G] properly. On the other hand, the MPTA reduced the effect
of the undershooting control error sufficiently. Thus the response of the MPTA was
amost the same as the OS W/O Error. As shown in Fig. 5 (c), structural responses
calculated using OS W/ Error, PTA and MPTA techniques showed anti-clockwise
hysteresis loops. However, the area of the MPTA was smaller than that of the OS W/
Error and the PTA. Hence its response was successfully improved.

Fig. 5 (d) shows the time histories of a non-linear response displacement. The responses
of the OS W/ Error and the PTA were amplified by the effect of the undershooting
control error. Therefore, the spurious high mode effect of these responses was
predominant as was found in the linear analysis results. As a result, the MPTA reduced
the effect of control error sufficiently and the response of the MPTA agreed very well
with the OS W/O Error.

Pseudo-dynamic test with Second-degr ee-of-freedom system

In order to confirm the validity of the MPTA technique, substructuring pseudo-dynamic
test with a second-degree-of-freedom system were conducted. The structure was
modeled so as to represent a shear vibration mode system. The first story was the test
story that was experimentally loaded, and the responses of the second story were
calculated within a computer. Since the purpose of this test was not to simulate the
actual response of the structure but to confirm the validity of the MPTA technique, the
hysteretic characteristics of each story were assumed as listed in Table 1, and the
damping coefficient was assumed as 0.0%. The fixed time-step At of 0.01 sec was

applied.
Outline of specimen and loading system

The dimension of the specimen is shown in Fig. 6. The hysteretic characteristics of the
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Fig. 6: Dimension of the specimen
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specimen are listed on Table 1. The H-shaped steel of 100*100*6*8 was used to
represent the response characteristics of the first story.

The loading system is shown in Fig.7. One actuator was used to apply alateral force to
the specimen. A pantograph system was attached on the loading beam to hold the
reflection point of the specimen at mid-height of the specimen. The total weight of the
loading beam, actuator, and pantograph was canceled by the counter weight.

Table 1. Hysteretic characteristics of the specimen
Direction | My (N cm) Qy (N) Ke(N/cm) Dy (cm)
X 2.893x 10° | 3.998x 10% | 6.352x 10° | 1.740x 10*
Y 1.929x 10° | 1.105x 10* | 2.2985x 10° | 1.740x 10

Input earthquake data

The NS component of 1987 Chiba-Ken-Toho-Oki earthquake data recorded at Chiba
Experimental Station of Institute of Industrial Science, University of Tokyo, was used as
the input earthquake data. Twenty seconds record including the peak ground
acceleration was used. Fig. 8 shows the input earthquake data.
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Fig. 8: Input earthquake data (Chibaken-Toho-Oki earthquake)

Test parameter

The test parameter was the actuator control precision, the precisions of the D/A transfer
were 8-bit and 12-bit. It was found from the preliminary test results that the precision of
12-bit was the upper bound to control the actuator. The tests with and without the
MPTA technique at the precision of 8-bit were conducted. Furthermore, a precision of
12-bit was applied to the test of which the first and second floors were loaded. The
different test cases are listed on Table 2. The minimum controllable displacements for

Table 2: Details of the test case

Test case First story Second story MPTA Technique
Casel Loaded (8Bit) | Numerical Simulation Not used
Case 2 Loaded (8Bit) | Numerica Simulation Used
Case3 | Loaded (12Bit) | Numerical Simulation Not used
Case4 | Loaded (12Bit) Loaded (12Bit) Not used
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each precision of the D/A board can be calculated as follows;

for 8-bit; >*Z - 0.0390625(cm) , and for 12-bit; 22 -
2

52 0.0024414(cm)

Test results

The test durations are listed on Table 3. Since the undershooting error was applied to
control the actuator, the test with the MPTA technique (case 2) needed 759 steps more
than the test with fixed time-step. The test durations of case 1 and case 2, of which the
D/A precision were 8-bit, were approximately 3 and 4 hours, respectively. They are
allowably short to conduct the substructuring pseudo-dynamic test. It can be said that
the MPTA technique does not extend the test duration too much. On the other hand, the
test durations of case 3 and case 4, of which D/A precision were 12-bit, were
approximately 12 and 22 hours, respectively. They were almost 4 to 8 times as long as
case 1 and case 2.

Table 3: Test durations
Case Steps | Duration Date
Casel | 2000 3:18 9/18
Case2 | 2759 4:11 9/18
Case3 | 2000 11.01 9/14 15
Case4 | 2000 22:02 94 5

The time history of the response displacement on the second floor is shown in Fig. 9. It
can be seen, especially, among the middle response region that the response
displacement of case 1 was amplified due to the control error. On the contrary, the
responses with the precision of 12bit (case 3) were slightly reduced compared with the
numerical analysis result. Moreover, the responses with the precision of 12bit were
observed to shift in the large response region. The response with the MPTA technique
(case 2), however, agreed very well with the numerical analysis result.

| 8Bitw/MPTAand Analysis | o

10 _ L i - 1 1 //\ [

— 8bit W/O MPTA 8 Bit W/O MPTA \ ) p
—————— 8bit W/ MPTA 7

12bit W/O MPTA

****** 12bit W/O MPTA
0.5 1 Loaded 2nd and roof floor
- Analysis

Response Displacement (cm)

8 Bit W/ MPTA and Analysis |

| . | .
10 15 20

Time (sec)
Fig. 9: Time history of the response displacement at the second floor
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Concluding remarks

The Posterior Time-step Adjustment technique and the Modified PTA technique were
proposed in order to reduce the effect of the control error. Linear and non-linear
dynamic response analyses of the MDF shear vibration mode system considering the
undershooting actuator control error at the first story was carried out. In addition, the
substructuring pseudo-dynamic tests with a second-degree-of-freedom system were
conducted. Results obtained from the investigation can be summarized as follows,

1) Dynamic responses are amplified by the effect of undershooting control error, and
the spurious high mode effect of the MDF responses is predominant.

2) The Modified PTA technique can reduce the effect of the control error successfully
for both linear and non-linear responses of the MDF systems, while the PTA
technigue cannot reduce it if the weight matrix of the PTA is not provided properly.

3) The modified PTA technique is a useful technique to achieve the higher accuracy of
the substructuring pseudo-dynamic test with relatively low actuator control
precision.

4) The modified PTA technique does not extend the test duration too much.
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ABSTRACT

In this paper, the effect of mass eccentricity on the response of recently devel oped base isolation
systems for houses is discussed. Shaking table tests on base isolated models were carried out.
Three patterns of weight distribution into the system were used to create three different
scenarios. N0 mass-eccentricity, moderate mass-eccentricity and excessive mass-eccentricity.
The torsional responses of two representative types for rolling and dliding systems are
compared. A remarkable difference between peak torsional angle responses of the two systems
was observed, with the rolling system showing a clear tendency to respond with larger torsional
angle amplitudes as compared to the dliding system.

1. INTRODUCTION

Many structures were severely damaged during the 1995 Hyogoken-Nanbu Earthquake. Some
of the buildings collapsed either at the 1st story or at their intermediate stories. There were also
many people that were found dead or injured inside their houses. The seismic response records
obtained at several base isolated structures during the 1994 Northridge earthquake and 1995
Hyogoken-Nanbu earthquake demonstrated clearly the efficiency of base isolation in increasing
the building safety and in the same time contributed to the sudden increase in the demand for
seismically isolated buildings right after these earthquakes.

There are some signs of a start-up for the expansion of base-isolated structures into private
housing sector, but still far from what has been reported from the multi-unit housing sector. This
isrelated to the following factors that need to be considered:

a) Cost performance
b) Relatively small weight of residential houses
c) Habitability and safety during strong winds or typhoons

In order to achieve the required performance for the isolators and base-isolated residences,

the development of new types of isolators, which can be grouped in three systems: (a) Rubber
bearing system, (b) Rolling system and (c) Sliding system, were focused. The main objective of

_53_



this study is the investigation of the effect of mass eccentricity on the response of the base
isolation systems. Specia attention is paid to the torsional response of two representative
isolators belonging to the group (b) and (c).

2. EXPERIMENTAL MODELS

The experimental setup is shown in Fig. 1. It was used for testing the base-isolation system
under one- and three-directional earthquake excitations, providing thus the experimental
database necessary for the investigation of the effect of mass eccentricity on the response of the
system. Three patterns of weight distribution into the system were used to create three mass-
eccentricity scenarios. (1) no mass-eccentricity (ECCO); (2) moderate mass-eccentricity (ECC1)
and (3) excessive mass-eccentricity (ECC2). Table 1 shows the location of center of gravity
(CG) for each mass-eccentricity scenario in reference to the heavy side edge. Schematic
drawings and fundamental characteristics of two representatives are shown in Fig. 2. Therolling
system is a combination of ball bearingsin the center with high damping laminated rubber in the
perimeter. As for the dliding system, it is principally designed to absorb the energy through the
friction between two spherical surfaces and a diding cylinder, which are coated with a low-
friction composite material. Tests were performed on a large-scale three-dimensional shaking
table installed at Public Works Research Institute, Japan.

Table 1. CG location for each mass-eccentricity scenario

Mass-Eccentricity CG location in reference to CG - heavy side edge distance normalized
Scenario the heavy side edge ( m) by the isolators' spacing
ECCO 2.82 1.000
ECC1 2.55 0.905
ECC2 2.29 0.812

PLAN

Unbalanced Weight:ECC1
1.5ton

4.5ton

2820

2820 | 2820 |

1
ELEVATION 6.0ton
Balanced Weight:ECCO

——

3.0ton

z Y
Directionof Excitation 42::;%4ii:
X

Figure 1. Base isolated model with mass eccentricity
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Table 2. Adjusted PGV values for each component of the input motion

EQ Name 1940 El Centro 1995 JMA Kobe
Direction X Y z X Y z
Actua PGV 24.8 204 6.32 23.1 23.9 124
(cm/s) 49.1 39.7 12.2 44.6 48.3 231
Isolator type: R Isolator type: U
High damping laminated rubber
S - sliding cylinder spherical surface plate
Tempered steel plate  Bearing balls coating material sliding material
[ \ : 4 | \
I S At T I - / y N
EE — _ T
| RGO |
— = ' , #80
| Spring .. Holding device 430
| sepn e — - - -
. ) ) Load carrying capacity 4000 kgf  Equivalent damping factor 24.0%
Load carrying capacity 4000kgf  Natural period 20sec | | Aliowable displacement +340 mm ( at 150 mm displacement )
Allowable displacement +200mm  Equivalent damping factor ~ 26.9 % Natural period 28sec  Coefficient of friction 0.02~0.05
a) Rolling system b) Sliding system

N
=}
5]

Figure 2. An outline of fundamental characteristics of two representative isolators

[ . .

g ‘ A {\ |Horizontal Displacement| _ 100 iHorizontaI Displacement’
£ 100 A S s | Heavy Side
2 0 N A&\ A -~ - g AR =Light Side
8 W gl Heavy Side § 0 -V 174 |
3 100 ——Light Side 3 V U“\I \r’ —
& 5 VU
2 200 S 100

0 5 10 15 20 25 0 5 10 15 20 25
- P— [Rotational Angle _ [Rotational Angle
£n N £ N
= VAW VARV v Yo VAW A AR
Z 20 VYV z0 vV

-30 -
0 5 10 15 20 25 ° 0 5 0 15 20 25
TIME(sec)
': 500 I . ilnput Acceleration Motion
< _250
@:@ o [l N AN A_vlk_nvnv‘.q AN A
§ 50 LA Vs
-500
0 5 10 15 20 25
TIME(sec)
a) Rolling system b)Sliding system

Figure 3. Response time histories of rolling and sliding systems for ECC2 mass-eccentricity case

Strong ground motions recorded during the El Centro Earthquake of 1940 and Kobe
Earthquake of January 17, 1995 (JMA Kobe Station record) were used as input motions at the
shaking table. Based on the peak ground velocity (PGV) value observed in each record, the
input earthquake waves were proportionally adjusted to the intensity levels of 25 and 50cnv/s.
The actual PGV values for each component of input motion are shown in Table 2.
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3. SHAKING TABLE TEST RESULTS

In Fig. 3 are shown response time histories for rolling and diding systems. They correspond to
the ECC2 mass-eccentricity scenario, using only the NS component of 1995 JMA Koaobe
earthquake motion as seismic excitation in the Y direction. For both systems, it can be noticed
that the displacement response of the heavy side is larger than that of the light side. The
variation of peak displacement response at both edges with respect to mass-eccentricity ratio is
shown in Fig. 4. As the mass-eccentricity increases the peak displacement response of the heavy
side increases, while that one of the light side decreases. In addition, it can be noticed that the
torsional effect on the displacement response of the rolling system is larger than that of the
diding system.

As shown in Fig. 5, it can be aso noticed that the rolling system tends to rotate easily due to
the mass-eccentricity. Figure 6 shows the relationship between shear force and horizonta
displacement for the ECCO case, using the NS component of 1995 JMA Kobe earthquake
motion as seismic excitation in the Y direction. As it can be noticed from these two plots, the
rolling type system delivers less hysteretic damping compared to the dliding system that shows a
larger capacity in energy absorption for quite awide range of displacement response.

— @— Heavy-1995 JMA Kobe 25kine _
250 —&—Light-1995 JMA Kobe 25kine — @— Heavy-1995 JMA Kobe 25kine
— - Heavy-1995 JMA Kobe 50Kine 150 —aA—Light-1995 JMA Kobe 25kine
iaht— i — {0— Heavy-1995 JMA Kobe 50Kine
. 200 —&— Ligt 1995 JMA Kobo S0Kine Oo— —o—Light-1995 JMA Kobe 50Kine
: 3
‘g 150 g
g £
g 100 3
=1 R
© 50 a
0 L L L 0 L L
0 005 01 015 02 0 0.05 0.1 015 02
Mass Eccentricity Ratio from Centroid Mass Eccentricity Ratio from Centroid
a) Rolling system b)Sliding system

Figure 4. Variation of peak edge displacement responses with mass-eccentricity ratio.

25 |~ ®— 1995 JMA Kobe 25kine 10 ¢ [—-®— 1995 JMA Kobe 25kine
—&— 1995 IJMA Kobe 50Kine 1995 IMA Kobe 50Kine
520 | | T~ 1940EI Centro 25kine 5 8 [ |—T— 1940El Centro 25kine
£ —<O— 1940 EI Centro 50kine £ o— 1940 El Centro 50kine
o 0 1
o / = 6
< Y ) g
g1 ——— g 4 N
@ _ - __---0 2 /
s T g g =4
0 == L L Il
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Mass Eccentricity Ratio from Centroid Mass Eccentricity Ratio from Centroid
a) Rolling system b)Sliding system

Figure 5. Variation of peak torsional angle response with mass-eccentricity ratio
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0.4

02

0.08

-0.08 J’ — Analytical Model(Bilinear)

k1=13.2, k2=0.0132kN/mm
S=2.3_4kN
4 -0.16 —— Experiment Result

-180 -120 -60 0 60 120 180 -100 -50 0 50 100
Displacement(mm) Displacement(mm)

n 0.16
Rolling System / Rolling System

~~ = Analytical Model(Bilinear)
-0.2 k1=1.01, k2=0.294kN/mm

Ratio of Acceleration to Gravity
o
Ratio of Acceleration to Gravity
o

S:Q.SBKN
——Experiment Result

a) Rolling system b)Sliding system
Figure 6. Shear force — displacement relationship from analytical modeling and experimental data

4. ESTIMATION OF TORSIONAL RESPONSE BY STATIC PROCEDURE

An attempt is made in this section to estimate the torsional response by making use of static
equilibrium. The analytical model conceived for this purpose is illustrated in Fig. 7. The
displacement due to torsion is determined as follows:

a) Center of gravity:  x, =Y Wx)/>W,, y, =0

b) Isolator’s stiffness:  K; =K(u;) (secant modulus, displacement dependency in Fig. 6)

c) Center of stiffness:  x, =3 (K, x )/ 3K;

d) Stiffness eccentricity: e, =x, - x,

e) Torsiona angle: 6 =M, /K,, where M, =[S (Ku)le,, K, =K {x - %)%+

f) Displacement:  u,; =u, +0(x, - X ), where u,, is displacement at the center of stiffness

The maximum response for the ECCO mass-eccentricity case, u,, , is used as an initia value
for the horizontal displacement response. Since nonlinear characteristics of the isolators are
taken into account, steps b) to f) are cyclically repeated until the displacement convergence is
reached.

In Fig. 8 is shown the relationship between peak torsional angle response and the mass-
eccentricity for the case when the NS component of IMA Kobe earthquake motion is used as
seismic excitation in the Y direction. For comparison, two solid lines are also drawn in the
graph representing the results obtained by the static procedure. In case of the dliding system, a
good agreement is observed. It doesn’t appear to be the same for the rolling system.

b
|solator

@ Center of Gravity
O Center of Stiffness
o O P X
Xg X .
P Wi, : Vertica Load
U K;: Stiffness

(%, i) : Position from Axes

0 Angle of Torsion
Uy1 o )
Uy U Distribution of Displacement

Figure 7. Simplified model used for the estimation of torsional angle response
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0.04 — = Rolling System(Simplified Method)
A (ECC1, Experiment)
A (ECC2, Experiment)
——Sliding System(Simplified Method)
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Figure 8. Comparison of peak torsional angle responses
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A Heavy Side(ECC2, Experiment) A Heavy Side(ECC2, Experiment)

Light Side(Simplified Method)
O  Light Side(ECC1, Experiment)
250 W Light Side(ECC2, Experiment)

Light Side(Simplified Method)
O  Light Side(ECC1, Experiment)
W Light Side(ECC2, Experiment)

=

o
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T
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&
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0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 01 0.15 0.2 0.25 0.3
Mass Eccentricity Ratio from Centroid Mass Eccentricity Ratio from Centroid
a) Rolling system b)Sliding system

Figure 9. Comparison of peak edge displacement responses

Similarly to Fig. 8, in Fig. 9 is shown the relationship between peak edge displacement
response and the mass-eccentricity. As compared to the peak torsional angle, a much better
agreement is observed here between the experimental results and those obtained by the
analytical simulation for the rolling system. Most likely, this is related to the fact that peak
torsional angle and peak edge displacements do not occur at the same instants.

5. CONCLUDING REMARKS

The effect of mass-eccentricity on the torsional response of base isolation systems for houses
was investigated. Results indicate that torsional response of base isolated systems is not only a
function of mass-eccentricity and earthquake ground motion characteristics, but is also very
much dependent on the mechanical characteristics of the isolation systems. A remarkable
difference between peak torsional angle responses of the rolling and diding systems was
observed. It appears that the diding system is less sensitive to mass-eccentricity as compared to
the rolling system.
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Sub-Structure Pseudo Dynamic Testing
on
12 Story Reinforced Concrete Frame
with
Soft First Story

ICCEED, Toyohashi University of Technology

Hiroshi KURAMOTO

Motivation

The 1995 Kobe Earthquake damaged
to many RC buildings with soft first
story.

MOC revised some of the Notifications
relating to RC buildings with SFS as
action in an emergency.

More detailed examination is required
to establish a rational evaluation
method of seismic performance of the
building.
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Objectives
To investigate causes of the collapse of the
building and its mechanisms.
To examine systems for preventing the collapse.

To develop a rational evaluation method for the
seismic performance of RC buildings with soft
first story.

Method of Study

Design of Theme Buildings Using the Seismic Code
before Revising the Notifications (6, 10 and 14 Story)

Sub-Structure Pseudo Dynamic
Testing on 6 and 12 Story Reinforced

Concrete Frames with Soft First Story Parametric Study

Using Earthquake
Response Analysis

Examination of Collapse Mechanism
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Prototype with the Scale of 1/2.5

6 stories more

1,400 1,160

o
S
&)
—

Test Specimen

700

530 340 530 400 1,000

800
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Load Cell to Measure the Shear and Axial Forces
in Columns at the First Story

B 2 1 o
Axial Force

- b =

Loading Apparatus

2nd Story

1st Stery
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Input Ground Motions

El Centro NS (1940) : 10 kine, 25 kine, 50 kine
JMA-Kobe NS (1995) : original (90 kine)

Acceleration (cm/secz)

Time (sec)

Failure of Columns at 15t Story

West Side East Side
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Failure of Columns at 15t Story

West Side East Side

Failure of a Shear Wall at 2" Story

|

West Side East Side
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Story Shear versus Story Drift Relation at the First Story
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External Force Distribution and Displacement Distribution
along Building Height

ol
o K
ol
o

Story
O R, NWPHMOILO N 0 ©
O FLP NWDMOILO N O ©

-120 -40 1 2 3
External force (kN) Displacement (mm)

Conclusion

Sub-Structure Pseudo Dynamic Testing
on 12 Story Reinforced Concrete Frame with Soft First Story

Collapse Mechanism
Story collapse mechanism in the 15t story with the flexural yielding of columns

Maximum Story Drift Angle at the 1st story:
for EI Centro NS 50kine input and for IMA-Kobe NS original input

= Axial Force Ratio of Columns at Maximum Response -0.15 0.52

External Force Distribution along the building height at Maximum Response
Uniform shape

= Higher mode effects are observed before reaching the maximum displacement
response.
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Appendix 7

Section 7 European Laboratory For Structural Assessment
(ELSA) by F. Taucer

presented by F. Taucer
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European Laboratory For Structural g,
Assessment (ELSA) EUROPEAN COMMISSION

T- ?ﬁ@m@‘

Safety in Structural Mechanics Unit

- - - JOINT
Mission of ELSA Unit “E%SNET%'EC“

EUROPEAN COMMISSION

To provide research
and contribute to European Standards
for risk mitigation

in construction, transport, and industrial installations

through integrated use of
experimental testing and numerical modeling
in Structural Mechanics

Safety in Structural Mechanics Unit
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Organization of ELSA Unit | et

EUROPEAN COMMISSION

Earthquake Engineering Transient Dynamics
Sector (A. Pinto) Sector (G. Solomos)

o\ (/
Project Management
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I
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- - - JOINT
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P-35: Seismic Protection of (construction)
Civil and Cultural Heritage * CEN/TC 250
Structures « DG ENV B4
(Civil Protection)

* DG ENTR G5

P-33’: Stfructu ral Safet}(/’ of (construction, incl.
Means of Transport under :
Fast Transients road equipment)

* DG ENTR F5

(automotive industry)
*CEN/TC 226
«EEVC

_74_



- JOINT
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m EUROPEAN COMMISSION
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Unit Management
Earthquake engineering
Transient Dynamics
Structural mech. Lab. [
Admin. And Info. Support

- JOINT
E)% Financial Resources in FP5 B
m EUROPEAN COMMISSION
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INSTITUTIONAL FP5

SCA (10,

TOTAL (14)
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. JOINT
The main ELSA Tools B e

EUROPEAN COMMISSION

Why Structural/Earthquake Engineering [ o
e Research?
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US$ bn

] Wordwide Great Natural Disasters 1950 - 1999

JOINT
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European Context B
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(Turkey, 1999)
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Reconstruction cost:
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The Role of the Design Code [
ey in Building Performance EUROPEAN COMMISSION

Performance of buildings constructed in Kobe by
Ohbayashi Corporation (Kobe earthquake, 1995])

B Heavy Damage
0O Moderate Damage
@ Low Damage

Pre-1971 1972-80 Post-1981
Design Code

1 . . . -JOINT
Earthquake Simulation in Laboratory R

EUROPEAN COMMISSION
b= -3 Fr ]

2 complementary approaches

Shaking Table Reaction Wall

* dynamic test * pseudo-dynamic test
« reduced scale « full scale

* open loop « closed loop
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1 : B
ELSA reaction wall SR

EUROPEAN COMMISSION

Anchor holes
1m spacing

Bending moment
240 MNm

* Unique test installation in Europe
* Allows pseudo-dynamic tests at full scale
* Integrated in European network of shaking tables

EUROPEAN COMMISSION

1’PSC Pseudo-dynamic Testing Method = e
p—p-L L} —

Force

Servo-Hydraulic Transducers Displacement
Actuators ~~_ Transducers
Reference
Frame

(

Imposed

Displacement X(t)
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IpX Sub-structuring B

gL by ]

Application for testing of bridges

Pseudo-Dynamic Loading

ool
Simulates deck motion
due to earthquake

Deck modeled
analytically by
F.E.M.

Piers tested
physically

Safety in Structural Mechanics Unit

1}3'56 Seismic Engineering Applications  lE e

i EUROPEAN COMMISSION
et ey

Strengthening and
rehabilitation

Construction norms
(Eurocodes)

Preservation of
monuments

Anti-seismic
Isolation
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Earthquake Engineering European gl
CENTRE
b— LT ] netwo rk EUROPEAN COMMISSION

ECOEST

European Consortium of
Shaking tables
Panel selection Committee Users

* ECOLEADER projects
*TMR networks
NTU EERC JRC
Athens Bristol Ispra
ISMES LNEC CEA
Bergamo Lisbon Saclay International

Cooperation
Japan, US, others

EUROPEAN COMMISSION
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Test on building model in « real time » RETE
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APy COSISMO Project B
=== (Seismic Behaviour of Monuments) - wiors owsion

OBJECTIVES

g Mitigation of Seismic Risk of
Monumental Structures

g Development of Methods and Tools
for Seismic Vulnerability
Assessment of Monuments

a Development of Retrofitting
Techniques

Pariners:
a Application to the
S. Vicente Monastery
in Lisbon

Safety in Structural Mechanics Unit

: JOINT
1}3’56 Test on monument model B e

EUROPEAN COMMISSION

(—Mri- |

Safety in Structural Mechanics Unit
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1 'PSC Numerical Modeling of stone-Block gt
ol dpe Fu ] Stru Ctu re EUROPEAN COMMISSION

Safety in Structural Mechanics Unit

jﬂi Vulnerability Assessment of Bridges

et ey

EUROPEAN COMMISSION
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Construction of the large-scale bridge piers outside of the
ELSA Laboratory

Safety in Structural Mechanics Unit
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1 }SCPseudodynamic testing with substructuring [l
===s==  Application to the Warth Bridge, Austria = comsion

Numerical models for the
substructured piers A20, A30

Numerical models for the
substructured piers A50, A60

Numerical model for the deck
and PSD master

Physical piers in the lab Master experimental process
and data acquisition

Safety in Structural Mechanics Unit

'1}}5(2 Application of composites to seismic e
- - - - BE CE
===z esistance of reinforced concrete buildings e commson

ol
Wet lay-up application of a quasi-isotropic carbon FRP on the shear walls of a

reinforced concrete dual frame

Safety in Structural Mechanics Unit
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'f'}}SC Active control in civil engineering
i ke fayr el (AC E) EUROPEAN COMMISSION

Context: Brite-EuRam 111 (1997 - 2000)
General objective:
To control wind, rain and traffic vibrations of
long span cable-stayed bridges

Partners:

q Bouygues (F) - Coordinator

« DERA (GB)

« Newlands Technology (GB)

« Johs.Holt (N)

¢ Joint Research Centre (EU)

a Tech. Universitat Dresden (D)

¢ Université Libre de BxI (B)

a VSL (F)

Safety in Structural Mechanics Unit

'f'}}SC Active control in civil engineering
i ke fayr el (AC E) EUROPEAN COMMISSION

Aims of testing campaign at ELSA

« to improve understanding of induced vibrations
« to validate the numerical tools for prediction of cable dynamic behavior
« to verify the capability of the active system to mitigate induced vibrations

« to evaluate performance and reliability of the whole implementation.

Safety in Structural Mechanics Unit
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'TT}SC Active control in civil engineering B 2
i ke fayr el (AC E) EUROPEAN COMMISSION

Safety in Structural Mechanics Unit

EUROPEAN COMMISSION

j‘}l‘sc ELSA - Achievements/Recognition

et ey

> Key contributions to Eurocode 8 through Reference tests
allowing for approval by national standardization bodies

» Worldwide leading position on Pseudo-dynamic testing of
large/full-scale structures.

» Internationally recognized expertise in numerical modeling
of civil structures.

» Contribution to the position of the European Research in

the International scene (Europeans are today preferential
partners)

Safety in Structural Mechanics Unit
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ELSA - Achievements/Recognition | et

EUROPEAN COMMISSION

Future of e,
O EE Research at ELSA EUROPEAN CMMMSION
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"’i'-}}sc ELSA — A key role in ERA

et ey

» A ‘Reference Training Site’

EUROPEAN COMMISSION

> Integrated project for Earthquake risk mitigation in Europe (Belgirate,
2000 Workshop recommendations)

» ERA and information technologies (through networking)

o Provide EE Facilities and Community with advanced platform/s for
data storage, documentation and exchange and analytical
developments (essential for perenniality of data and tools)

o Enhance experimental techniques and procedures by full
exploitation of the electronic communication facilities

o Establish appropriate collaboration with NSF - NEES (e.g.: JRC the
European node of NEESgrid)

Safety in Structural Mechanics Unit

j‘P_SQ ELSA / Transient Dynamics Research

et ey

EUROPEAN COMMISSION

» Objective Citizen protection through validation of the safety of
various structural systems under fast transients, such as crash,
impact, blast and explosion

» Rationale  Structural safety under fast transients (including
biomechanical aspects) is a major concern of the modern society
since it concerns:

industry and energy production infrastructures; automotive,
aeronautical and water transportation systems, civil structures under
accidental or perpetrated attacks, etc.

» Underlying physical principles Under severe dynamic
conditions, materials and structures exhibit very specific behaviour
(strain rate effect, fluid-structure interaction)

Safety in Structural Mechanics Unit
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j}l‘sc ELSA / Transient Dynamics Research

[ i EUROPEAN COMMISSION
gt ag it

> Existence of the unique experimental facility LDTF
(impact testing)

» FEM simulation code EUROPLEXUS (jointly developed
with CEA)

validated code simulations via precision impact testing

|

» Long experience and numerous collaborations with EU
research institutions (CEA, FZK, FRAMATOME, MPA,
EDF, SIEMENS, ENEA, ENSA, ENEL, SNECMA,
CRF..))

» Small but high-yield group, well recognized in Europe and
internationally

Safety in Structural Mechanics Unit

j}l‘sc Transient Dynamics Activity Areas

[ i EUROPEAN COMMISSION
gt ag it

Safety in Structural Mechanics Unit
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“’i"PSC Transient Dynamics

= O ACthlty Areas (Orlgln) EUROPEAN COMMISSION
re—
Pressure evolution and L oozro
structural deformation of cavity
after explosion + Lomos
o. loE+oe
L.ols+o7
L.zle+ro7
Explosive bubble Loaizeor

L. elmror

L.ziEvor

2. olmroT

2.21mr07

z.alzvor

2. elE+0T

v - =1

cavisl_p

Safety in Structural Mechanics Unit

"T"}?SC Principle of LDTF Installation

et ey

EUROPEAN COMMISSION
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EUROPEAN COMMISSION

‘

-

c o

LTI

force
transmitted
to the right
side-
member
under floor

j‘}l‘sc Role and contribution / Prospects

[ i EUROPEAN COMMISSION
gt ag it

» Independent expertise in support of the Commission policies (DG
ENTR):

= directives EC 96/27 and 96/79 on crashworthiness of vehicles
= standards EN1317 1,2 on road safety barriers (CEN/TC226)

= ongoing normative action on pedestrian safety

= concrete and anchors construction standards

» European networking of users for EUROPLEXUS code (collaboration
with CEA and SAMTECH)

» Reference measurements in crash / impact testing and modeling
techniques; materials dynamic characterization

» Suitable to play a leading role in ERA/FP6; training and networking
with European impact laboratories

Safety in Structural Mechanics Unit
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Appendix 8

Section 8 Smart Structural System Large Scale Shaking Test

presented by M. Teshigawara

,9 3,






Smart Structural System

Large Scale Shaking Test

. Introduction

. Objectives

. Shaking Tests

1
2
3. Specimen
4
5

. Summary

Masaomi Teshigawara

Dept. of Structural Engineering  Chief Research Engineer

}

@
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What 1s S.S5.S5.?

1. Function of Sensing Processing Actuating

2. Auto Adaptive to Provide Safety and
Function Effectively

. 3

1. Improvement of Structural Performance

2. Performance Based Maintenance and
Sustainable Structure

}

@
bt il
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Objectives of Large Scale
Shaking Test

» Verification of Structural Control
— Rocking system
— Semi-Active Base Isolation System with M/R Damper
— Semi-Active Structural Control with M/R Damper

— Verification of Smart Sensors and Damage
Identification
— System ldentification for Damage detection
— Smart sensors

}

e
bt il
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Shakeing Table and Schedule

Shaking Table
— National Research
Institute for Earth Science
and Disaster Prevention
(NIED), Science and
Technology Agency,
Tsukuba, Japan

Schedule
February-April, 2002
July-August, 2002 (if necessary)

}

@
bt il
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Members

- C H148>=<100><6>=<9

- B H150><150><7><10

Mass

- W3=4.65(t)

- W2=4.76(t)

- W1=4.76(t)

Span

- 3m>1span Loading Di.

- 2m><2spans Trans. Di.

Story Height

- 1.8(m) each story

Natural Period

- 0.490(s)

Elastic Limit

— Story Drift=26.9(mm)
Shaking - Base Shear=111.7 kN)

uILDING [EsEArcH INsTITUTE W~

Test Specimen

Installation Figure of Damage Device

- -
=

UILDING "\ESEARCH INSTITUTE L

Appearance Photo of Test Specimen

.ILlﬁ

h!ll.lll
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Column for Damage

Size of 100><200(mm
Cross Section )

=p | e Specified Design | 50(N/mm2)
ELiE [ Strength

Main 4 D13

Reinforcement (SD245)

| HOOP O D6@50

Material of Polyethylene
Cement System Fiber

+ Steel Cord

@
bl

UILDING "\ESEARCH INSTITUTE

Measurement of load

®Q RCColumn Q Total Q Frame
Shear force of Frame from strain of steel columns

—

@ Verification by shaking Test

—

@
bl

UILDING "\ESEARCH INSTITUTE

_98_



Simple Beam Test

UILDING "\ESEARCH INSTITUTE k

Load vs. Measurements

» N=OkN(1)(left)
= N=0kN(1)(right)

+ N=0kN(2)(left)

x N=0kN(2)(right)

+ N=100kN(1)(left)
© N=100kN(1)(right)
x N=100kN(2)(left)
o N=200kN(left)

+ N=200kN(right)

| PL/2HNS
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Results from Open Frame Test

Damage Detection
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Input Motion

=
=

Input wave Target Level
BCJ wave 2.5cm/sec
El Centro 1940 NS 5cm/sec

El Centro 1940 NS 10cm/sec

El Centro 1940 NS 15cm/sec
BCJ wave 20cm/sec

El Centro 1940 NS 30cm/sec

El Centro 1940 NS 40cm/sec

El Centro 1940 NS 50cm/sec

El Centro 1940 NS 60cm/sec

UILDING \ESEARCH [NSTITUTE

O© 00 N o o1& W |-

[RSttimeranon

()
(V)

-101-



ShEearmVsHpii

El Centro 50cm/sec El Centro 60cm/sec
r s |

"
UILDING ~ ESEARCH NSTITUTE B~

ARACESEWIERR 22 14 1]
T T T T

@ £ w

EERHTE]

BFMllsoc]

ppot———

1
10

LAt ROE 40em/see
T

MM cmsec2]

BFMllsoc]
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Change of Transfer Function
dueto Damage
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DJzlfrlele)e
IGERICENGIINGY

Elaigoiliny Matodl
zifielf =) ©aplife
A0CIISEE

Dark color indicates
damage parts

Structural Control by M/R
Damper
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- Design of Magneto-Rheological damper
-3
Structure Design Specifications

Max.Force 40kN
- Stroke =+295mm
Cylinder Cylinder Bore @90mm
Piston Outer diameter

s ;m Orifice Section
I::umquj I Length
CETEITET Inductance [ 37.4mH>=3

N~ i
EIectromagneomlce (Annulus) Electromagnet| Resistance | 1203
Max.Current 3A
MR fluid Bando: 230

Accumulator
Check Valve

Magnqticgircuit Yoke Coil

Magnetic Flux

UILDING "\ESEARCH INSTITUTE

Conceptualism of MR fluid

—
©
Q
X
=
I
@
[
=
=1
17}
=
[+
i}
<
2]

Fluid flow

The particle moves with the fluid flow

00
i ‘
O

0

toe

Shear rate (1/s)

RENNE S

s

o
-g’

(]

Characteristic of Bingham Fluid Fluid flow

eeden]

The resistance force arises by
the combination of the particle Z
UILDING ESEARCH [NSTITUTE L
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- Experimental Setup for MR damper

Dynamic DC
Strainmeter Power Supplies
1

[ I ]
Sensor Signal Signal
Amplifier Conditioner | | Conditioner

MR danfper

Actuator Load-cell
Transducer Temperature Gauge

Dynamic loading test

UILDING "\ESEARCH INSTITUTE

- Dynamic loading test (Sinusoidal wave)

‘-——--*—-s
\ |

Mw—*—:aJ

0.1Hz, 5cm, 3.14cm/s 0.1Hz, 10cm, 6.28cm/s 0.1Hz, 20cm, 12.56cm/s

Experimental Results

UILDING "\ESEARCH INSTITUTE L
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- Force — Piston velocity Relationship

UILDING "\ESEARCH INSTITUTE

- Control algorithm

——Linear Viscous Damping
| —— Semi Active Control Algorithm

Displacement

UILDING "\ESEARCH INSTITUTE
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- Control system

Control
Algorithm

=

‘e

hIIIlII

UILDING "\ESEARCH INSTITUTE

g Outline of base-isolated test frame

Input Wave

Sweep sinusoidal wave
White noise

Elcentro (1940) NS
Hachinohe (1968) NS
JMA Kobe (1995) NS
Taft (1952) EW

Column H150><100>=<6><9
Member Beam H150><150><7><10
H300><150><6.5><9
Material SM490
3rd story 4,67
Mass 2nd story 4.78
(ton) 1st story 478
Base isolated layer 5.87
. 3rd story 27.60
%I:'I\f"f/ncenss 2nd story 28.42
Parameters test frame - 1t stor 3537

50cm/s

\

|21

UILDING "\ESEARCH INSTITUTE L

Cr‘
bt il

—108-



- Experimental results (Constant Current)

/
I
. I\

200 300 400 -400  -300 -200 - 60 90

Acceleration(cm/s2) Acceleration(cm/s2) Acceleration(cm/s2)
(a) Max of Positive Side (b) Max of Negative Side (c) RMS Value

/ -

0.4A:16.4cm
Na 0.8A 9.8cm

100 200 300 400 -400  -300 -200 - 50 70 90
Acceleration(cm/s2) Acceleration(cm/s2) Acceleration(cm/s2)
(a) Max of Positive Side (b) Max of Negative Side (c) RMS Value

Hachinohe (1968) NS 50cm/s
Constant Electric Current O0A, 0.4A, 0.8A

UILDING "\ESEARCH INSTITUTE

- Experimental results (Semi-active control)

Semi-Active: @

\] Passive  : mm
%t Semi-Act m
\- / Passive m

150 200 250 -250  -200 -150 - 60 80
Acceleration(cm/s2) Acceleration(cm/s2) Acceleration(cm/s2)
(a) Max of Positive Side (b) Max of Negative Side (c) RMS Value

/— Semi-Active: o
Passive
- cm

Passive
Na
200 300 400 -300 -250 -200 - 50 60
Acceleration(cm/s2) Acceleration(cm/s2) Acceleration(cm/s2)
(a) Max of Positive Side (b) Max of Negative Side (c) RMS Value

Semi-Ad

Hachinohe (1968) NS 50cm/s
Passive (0.4A-constant current) - Semi-active control

UILDING "\ESEARCH INSTITUTE
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Rocking System with Base Plate
Yielding Type

System Concept

Up-Lift with yielding of base plate before
yielding of super structure

—-110-



Test Specimen

Height 5.325m 1.725m+ 1.8 m+ 1.8 m
Span 3.0 m
Aspect ratio 1.775

PC-bar Brace are installed

UILDING "\ESEARCH INSTITUTE
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Base Plate
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Input Motion

1940 EI Centro NS,
Time interval is reduced by /~/2

Test Result

Up-Lift Deformation

BP-2 model MPA=5.84 m/sec?
G
2z

UILDING "\ESEARCH INSTITUTE
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Test Result 2
Base Shear & Up-Lift Deformation

Base Shear

o
e

UILDING "\ESEARCH INSTITUTE

Test Result 3

Up-Lift & Top Deformation

113~
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Test Result 4
Story Shear

MPA=0.9 m/sec? MPA=3.5 m/sec?

}

e
bt il
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Reference

2001.5.16 6.28 ":,:T;n:
Aspect Ratio 2.5 =

- —
- E—

"'
_-g;. _
L o= O}

-:r:, L
f m =3
lrl
: nr L
(a) Base plate yielding system (b) Simple rocking system * l""

UILDING |ESEARCH |NSTITUTE Lz\/
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Appendix 9

Section 9 Safety Assessment for Earthquake Risk
Reduction: An EU Research and Training
Network

presented by F. Taucer

—-115-






Safety Assessment for Earthquake Risk Reduction: An EU Research
and Training Network

SAFERR

Reduction of Seismic Risk

Background

To mitigate seismic risk through European collaboration for:

=  Training of young researchers Furthering research and
development of innovative concepts

Integration of earthquake geophysics, structural engineering,
engineering seismology and geotechnical engineering

Increasing awareness through outreach activities, training and
education

Introducing appropriate seismic provisions in traditional design
and construction practices

Research and training networks funded by the EC and national
agencies

Establishment of a permanent core European research and
development group with experience in research and networking

SAFERR
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International Efforts

Background

Centralised earthquake risk mitigation networks

Four centres of excellence in earthquake engineering:
= NCEER, PEER, MAE, MCEER

u Formed by consortia of universities

=  Funded by NSF, industry and/or State sources

Nationally-organised networks in earthquake engineering:
= Topic-specific and of short life-span
- Funded by government

Recently adopted US model

SAFERR

European Networks Philosophy

Background

Holistic approach to choice of research topics
o Consideration of Demand, Supply and their interaction
. Contribution from organisations with required expertise

Clear framework

®=  To maintain a balance between research development and
training within networks

o Consideration of EC proposal requirements

Foresight and global framework

=  To integrate the different networks towards the maintenance of
a core European earthquake engineering community

SAFERR
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Prenormative Research in Support of Eurocode 8
(PRECS8) — Co-ordinators : UPAVIA

PREC8

Furthering European earthquake engineering design

®= |nvestigation of weaknesses in the pre-standard for EC8
using both experimental and analytical techniques
Recommendations for Code revision

Seismic Infill Models Reinforcing Seismic Foundations &

Behaviour & Effects on Steel Behaviour Retaining
of RC Response Properties of RC Structures
Frames Bridges

SAFERR

Participation in PRECS

Institution Responsible Scientist

University of Liege (B) A.Plumier
Geodynamique et Structure (F) A.Pecker
GRECO (F) J.Mazars & J.M.Reynouard
Darmstadt University of Technology (D) J.Woerner
University of Patras (GR) M.N.Fardis
University of Basilicata (I) M.Dolce
Politecnico di Milano (1) E.Faccioli
Universita di Pavia (I) - Co-ordinator G.M.Calvi

. Universita di Roma “La Sapienza” (1) P.E.Pinto
10. Universidad Politecnica de Madrid (E) E.Alarcon
11. Imperial College (UK) A.S.Elnashai

CoNOURWNE

ECOEST |
. National Technical University of Athens (GR) G.Gazetas & P.Carydis
. ISMES, Bergamo (I) M.Casirati
. Joint Research Centre, Ispra (I) A.V.Pinto
National Laboratory of Civil Engineering, Lisbon (PT) | E.C.Carvalho
University of Bristol (UK) R.Severn

SAFERR
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Deliverables of PRECS

Vol. 1: Standardisation of shaking tables A.Crewe

Vol. 2: Seismic behaviour and design of foundations and retaining E.Faccioli ,
structures R.Paolucci

Vol. 3: Large scale shaking tests of geotechnical structures R.Severn , C.Taylor

Vol. 4: Experimental and numerical investigations on the seismic G.M.Calvi ,
response of bridges and recommendations for code provisions P.E.Pinto

Vol. 5: Pseudo-dynamic and shaking table tests on RC bridges

Vol. 6: Experimental and numerical investigations on the seismic A.V.Pinto
response of RC infilled frames and recommendations for code M.N.Fardis
provisions

Vol. 7: Numerical investigations on the seismic response of RC E.Carvalho ,
frames designed in accordance with Eurocode 8 E.Coelho

Vol. 8: Shaking table tests of RC frames

Vol. 9: European activities for the development of Eurocode 8 P.Carydis, T.Severn,

G.M.Calvi

SAFERR

Innovative Concepts in Seismic Design of New
and Existing Structures (ICONS) - JRC

Advancement of existing knowledge and development of
innovative techniques in earthquake engineering

Provide a framework for training young researchers

Seismic Assessment, Innovative Composite Shear-wall
Action Repair & Design Structures Structures
Strengthening Concepts

GDS, POLIMI, ULIEGE, GEO,TUD, UPATRAS, GDS, ULIEGE, TUD, GEO, UPATRAS,
UPAVIA, ICSTM UPATRAS,UPAVIA, UROMA, POLIMI UPAVIA, UMADRID, ICSTM UROMA
UMADRID, ICSTM GEO, UROMA

ECOEST Il — (LNEC, NTUA, JRC, ISMES, CEA, UBRISTOL)

SAFERR
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Large-Scale Testing — Walls and Dual Frame

Shake table tests on selectively
repaired walls (LNEC)

— PSD tests on dual frame-shear wall RC
structure (JRC)

SAFERR

ICONS - Achievements

ICONS

Technical developments

¢ Displacement-based design and assessment methodologies

¢ Displacement demand spectra

¢ Selective repair techniques, guidelines for composite structures
High quality training of young researchers

¢ More than 50 YRs appointed for a total of 427 training-months

¢ Exchange of researchers between institutions

¢ YRs participation in 11" ECEE and 12t WCEE
Publications

¢ More than 40 publications, including scientific reports, journal and
conference papers

¢ Report series published jointly with ECOEST Il
Industrial interest

¢ Awareness of earthquake risk-related problems raised

¢ Industrial involvement in experimental programme

SAFERR
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ICONS - Publications

- BEISMIC BEHAVIGUN AND DESIGH
EVEMIT BCT OF COMPOSITE STEEL
by CONCRETE ETRUCTURES |

SAFERR

Safety Assessment for Earthquake Risk Reduction
(SAFERR) - Coordinators ICSTM

SAFERR

€ Advancement, application & dissemination of seismic
risk mitigation measures

€ Combination of research with technical training of YRs
- Specialist equipment training
- Development of communication and management skills

€ Greater participation
€ Ambitious scope of research

SAFERR

—-122-



Research Topics and Participants

SAFERR

Coordinator ICSTM

Characterisation Assessment Strategies for Risk

of Seismic Hazard and Design Risk Assessment
for Low- Reduction Systems
Seismicity

GDS ULIEGE UROMA uLJ

ICSTM, POLIMI, GEO, ULJ, GEO, UKASSEL GEO, GDS, UKASSEL UPATRAS ICSTM,
ULIEGE UROMA, UPATRAS UPATRAS, UPAVIA POLIMI, UPAVIA,
UMADRID, ICSTM UMADRID

ECOLEADER — (LNEC, NTUA, JRC, ISMES, CEA, UBRISTOL)

SAFERR

Partners

SAFERR

SAFERR
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Training of Young Researchers

SAFERR

Partner Pre-Doc  Post-Doc Total To Date
1. ICSTM 26 4 30 20
. POLIMI 24 3 27 17
. LNEC 18 8 26 15
. JRC 18 4 22 12
. UROMA 24 v 36 24
. UPATRAS 17 28 17
. UPAVIA 20 30 18
. GEO (0] 24 16
. UMADRID 25 28 12
10. ULIEGE 28 32 20
11. UKASSEL 30 30 0]
12. GDS 19 27 15
13. ULJ 2 2

1 7 23

SAFERR

Non-SAFERR Researchers

SAFERR

Other Other No. of No. of
Partner Sources - Sources — Researchers Researchers
Contract To Date - Contract — To Date

. ICSTM 36 22 7 8
POLIMI 27 12
LNEC 14 5
JRC 14 6
UROMA 46 22
. UPATRAS 29
. UPAVIA 30
GEO 18
. UMADRID 34
10.ULIEGE 14
11.UKASSEL 38
12.GDS 13
13.ULJ 2 (0]

7 25

©ONDUR®NE

A NNOUOOOUNNOO
WONOGOUOoO N DO O

~
O [l

SAFERR
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Training of Young Researchers

SAFERR

Technical training

Training in communications skills
Management skills

Training on specialist equipment
Training through visits and secondments

SAFERR

Technical Achievements

SAFERR

= Asimple procedure has been developed to account for vertical
earthquake ground motion in seismic design codes. It is under
consideration by the EC8 drafting panels and US guidelines
committees. (T1 — S2)

A robust formulation for extending available design spectra from three
seconds to ten seconds has been developed and verified. The
displacement spectra in the newest draft of EC8 are based on this
work. (T1-S3)

Important advancements on modelling the effect of geological

features on the definition of hazard. The work is pioneering and will be
further developed to derive simple and accurate methods to account
for the effect of surface geology on ground motion and design spectra.
(T1-S4)

SAFERR
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Technical Achievements

SAFERR

= Non-seismically designed reinforced concrete and masonry
structures have been extensively studied to establish
quantitatively unintentional seismic resistance. This will lead to
possibly exempting populations of structure in Europe from
seismic design and great economies whilst retaining an
acceptable level of safety. (T2-S1,2)

Extensive experimental and analytical work has lead to new and
verified guidance on the seismic resistance of large lightly
reinforced concrete walls. This has had a direct effect on code
provisions in France as well as the EC8 RC design chapters. (T2-
S3)

SAFERR

Technical Achievements

SAFERR

= |solation-dissipation systems for bridges have been comprehensively
assessed leading to new insight into the conditions under which isolation-
dissipation may not mitigate the expected damage. This work is most
significant to the protection and development of the Pan-European road
network. (T3-S1)
The largest database of experimental observations on non-seismically
detailed RC members available worldwide has been assembled. This
provides a unique opportunity to accurately assess the seismic resistance
of RC buildings not designed for seismic loading, which constitutes the
majority of structures in Europe. (T3-S2)

Novel analytical approaches have been developed to model repaired
structures while taking into account the existing damage state and the
specific behaviour of new repair member/material response, such as FRP
and added RC walls. These developments lead to quantitatively-supported
decisions on repair and strengthening of the existing built infrastructure.
(T3-S3)

SAFERR
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SAFERR

SAFERR

Technical Achievements

SAFERR

Detailed modelling and analysis of a number of flat stab RC structures
lead to the quantification of the level of seismic resistance of this
important structural form. Noting that flat slab structures are widespread
and are indeed the preferred form in many southern European countries,
this is a most significant development. (T3-S4)

Studies on long and short bridges subjected to coherent and incoherent
motion have broken new ground and have yielded valuable information on
the risk level to which these structures are subjected. Guidance on the
additional risk to which bridges are subjected on short span (high speed
train-type) has been derived. (T3-S5)

Advances have been achieved in understanding the dynamic behaviour of
inclined piles and pile groups. The extensive analytical results, obtained at
this level of detail for the first time, are being simplified to arrive at code-
type design expressions taking into account the inelastic structure and
soil behaviour, as well as interaction effects. (T3-S6)

Technical Achievements

SAFERR

A new method of mapping seismic risk using displacements has been
developed, using a dual probabilistic-deterministic approach for
intermediate and long periods. This is of great significance for the
derivation of European hazard maps applicable to deformation-based
seismic design. (T4-S1)

Major advances in characterising fragility of RC buildings based on a very
large observational database and experiments on full-scale structures
have been made. Also, analytical fragility relationships for bridges have
been derived. This allows the assessment of seismic damage before and
after earthquakes and aid in decision-making and disaster mitigation
planning. (T4-S2)

A recently-developed integration procedure for hazard and vulnerability is
being implemented and applied to a number of cities in Greece, including
advanced fragility formulations and hazard definition. The potential
significance of this work lies in its ability to make direct use of dynamic
demand prediction whilst retaining practical applicability. (T4-S3)
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Publications

SAFERR

= Six papers authored by researchers from more than one SAFERR
partner institution

" Thirteen papers from SAFERR work authored by researchers from
one SFAERR partner institution

= Plans for ten papers in journals and international conferences
from SAFERR work

SAFERR

Dissemination and Publicity

I EEE———————————————
SAFERR

Publications — Papers and Reports
Web Sites — SAFERR and Partners’
Industrial Contacts

International Contacts

SAFERR

—128-



International Collaboration

SAFERR

Joint MSc and PhD programmes for YRs with a number of
international institutions

Joint Workshop with MAE and GNDT — 23 May 2002
Joint Coordination Group and Web Site

Joint Research and Development

Joint Conference in June 2003 — Erice, Italy
Workshop with Japanese Researchers, May 2002

SAFERR

Closure

Closure

A coherent group of researchers with long experience
and track record in seismic risk assessment and
mitigation

Established a system for delivery of both high quality
training of young researchers and significant technical
advancements towards earthquake risk reduction
Training undertaken on a wide range of transferable
skills in a multi-disciplinary environment combining
engineering seismology, geotechnical and earthquake
structural engineering

SAFERR expertise recognised by European industry
and academia

SAFERR
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Appendix 10

Section 10 Seismic Performance Assessment &
Rehabilitation: SPEAR

presented by F. Taucer
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'T’P"SC European Laboratory for Structural &
=mnmime Assessment (ELSA) EUROPEAN COMMISSION

Seismic Performance Assessment
& Rehabilitation: SPEAR

.?)mpetitive and Sustainable Growth (Growth 2001, dedicated call)
Contract G6RD-CT-2001-00525

P. Negro
Joint Research Centre, Ispra, Italy

WORKING MEETING WITH DG ENTR UNIT G5

REDW OINT
SN RESEARCH
CENTRE

EUROPEAN COMMISSION

“f;ti'_sg The history

® Collaboration agreements were established with
Japanese and US research organizations.

®  The problem of the seismic assessment and

rehabilitation of existing buildings was jointly
identified as the most socially and economically
relevant.

An Expression of Interest was submitted to the
Programme Growth.

The Eol was selected as deserving specific research
work. A dedicated Growth call was issued.

The proposal prepared by the SPEAR consortium was
selected for funding among other proposals.
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® Earthquakes pose a large threat to the life and property in
Europe. Average annual casualties due to earthquakes in the
EU and candidate stated exceeds 20,000. Direct economic
losses in I1zmit (TR) were estimated as 20 billion Euro, and
in Athens 2 billion Euro.

Casualties and losses are mainly due to deficient R/C
buildings, and, to a lesser extent, to old URM buildings.

The same problem is being addressed in other countries.
Research efforts have been or are being undertaken. A
harmonized approach should possibly be sought.

A method for the identification of hazardous buildings and
their cost-effective seismic upgrading should be developed.
The work will contribute to the revision of EC8 Part 1-4,
during its conversion from ENV to EV by 2003.
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'_T_}J_Sg The consortium
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University of Patras (Administrative coordination) (GR)
JRC (Scientific and technical coordination)

LNEC (P)

University of Rome (1)

University of Pavia (I)

Imperial College (UK)

University of Ljubljana (SL)

EQE Europe (UK)
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'_T}J_Sg The overseas partners
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Building Research Institute, Ministry of Construction,
Japan.

University of Tokyo.

The three US Earthquake Engineering Research
Centres funded by NSF:
MAE, MCEER, PEER.

Earthquake Engineering Research Centre, University
of Ankara, Turkey.
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jﬁ_sg Workpackages
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® WP1: Conceptual framework and background of
seismic assessment and rehabilitation

® \WP2: Practical seismic assessment and
rehabilitation

® \WP3: Tests of RC members and small structures
® WP4: PsD testing of large RC structure

® \WP5: Proposals for seismic assessment and
rehabilitation

® WP6: International cooperation

® wWp7: Project management
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PRACTICAL SEISMC
WP6
INTERNATIONAL COOPERATION
ip e
ll WorkpaCkageS S CENTRE
:_::r..:;_.; EUROPEAN COMMISSION
WP1: Conceptual framework
[ J

Internationally harmonised definition of
performance parameters and criteria. Emphasis
on cyclic damage, local to global relations, effects
on load bearing capacity.

Review of common rehabilitation strategies for RC
and masonry buildings

Review and inventory of common and new
(advanced composites) rehabilitation techniques
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WP2: Practical assessment & rehabilitation

® Comparative evaluation of existing methods
(ICONS, NODISASTR, ECOEST - Japan Building
Disaster Prevention Agency, NZ Association of EE,
FEMA)

¢ Development/modification of simple methods.

® Development of models for strength and deformation
of retrofitted elements.

® Development of rules for proportioning of the
retrofitted elements (focus on deformation capacity).

i JOINT
'TjPSC Benchmark structures B

s B EUROPEAN COMMISSION
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WP3: Tests on elements & substructures

Definition, design and assessment. Elements will be
selected so that they are representative, they
supplement other tests other than duplicating. High axial
load and irregularity included.

Numerical simulations and assessment with existing
and new methods.

Cyclic tests on columns and joints, before and after
retrofitting.

Tests on subassemblages: cyclic tests on a 1:1.5, 3-
storey plane frame; on a 1:1.5, 2-storey, 1-bay-by-1-bay
3D frame; shake table test on a smaller scale 3D
structure.

JOINT
'TjPSC Tests on subassemblages B

EUROPEAN COMMISSION

250mm

400mm

400mm
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'TP"SC Workpackages
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EUROPEAN COMMISSION

WP4: PsD tests

Definition, design and construction. The mock-up will
be representative of non-seismic RC construction of the
70’s. Irregularities in plan and detailing will be included.

Pre-test assessment & numerical simulations.
Tests on the un-retrofitted structure.

Repair and local member upgrading with advanced
composites. Re-testing.

Repair and global upgrading. Jacketing to correct plan-
wise irregularities.

Re-test to failure.

T }JSC The test structure

ey T

% BFL i)

=
AT

EUROPEAN COMMISSION

BT
BT
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[ BT T
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WP5: Guidelines for assessment & rehabilitation

Post-test assessment of performance parameters

and criteria, existing and new methods, schemes and
techniques.

Drafting of guidelines.

® Proposals for EC8, Part 1-4. The final draft of part 1-4
is expected by February 2003.
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jf}_sg A new NAS partner

ey o

¢ By means of a recently approved NAS proposal, the
Higher Technology Institute in Nicosia, Cyprus, will
join the SPEAR consortium.

® The additional research work will address the
possibility of adopting existing and new EC8
provisions in NAS.
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Section 11

Appendix 11
Japanese Design And Construction Guidelines
For Seismic Retrofit Of Building Structures With
Frp CompositesFRP sheet retrofit guideline

presented by H. Fukuyama
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FOR SEISMIC RETROFIT OF BUILDING STRUCTURES
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ABSTRACT

The increasing uses of FRP materials for the strengthening and upgrade of buildings has motivated the
international engineering community to produce guidelines for the proper design, handling and installation
of the externally bonded FRP systems. Thus, independent efforts coordinated by different organizations
such as the Japan Building Disaster Prevention Association (JBDPA) and the American Concrete Institute
(ACI) have led to implementing appropriate provisions. The JBDPA guidelines mainly focus on seismic
retrofitting of structural elements, which implies the strengthening for shear of deficient structural
elements. This paper describes and comments on some of the design approaches provided by the JBDPA
guidelines for the strengthening of reinforced concrete (RC) columns. This was one of the main targets of
the Japanese experience on infrastructure strengthening, which became an imperative task after the post-
earthquake observations of the damage caused by the Kobe earthquake in 1995. Finally, comparisons with
the ACI guidelines for the strengthening of RC members with FRP systems are also formulated.

KEYWORDS
Construction, Design, Ductility, FRP Sheets, Flexural Capacity, Guidelines, RC Beams, RC Columns,
Seismic Capacity Evaluation, Seismic Retrofit, Shear Capacity

—145-



INTRODUCTION

In 1995, the Hyogoken-Nanbu Earthquake caused to the city of Kobe the greatest disaster of the
postwar era in Japan. As a result of the inflicted damage and to reduce the impact of potential seismic
events in other parts of the country, the Building Research Institute of Japan promoted a program for
the development of effective strategies for seismic retrofitting of buildings. One of the areas targeted
by this program was the use of Fiber Reinforced Polymer (FRP) materials. In September 1999, the
Japan Building Disaster Prevention Association (JBDPA) published the “Seismic Retrofitting Design
and Construction Guidelines for Existing Reinforced Concrete (RC) and Steel-encased Reinforced
Concrete (SRC) Buildings with FRP Materials”. These guidelines were developed based on the results
of investigations conducted in Japan, mainly after 1995, and reflect the combined efforts of the
Japanese academy, industry, and governmental agencies. This paper describes and comments on some
of the design approaches provided by the JBDPA guidelines for the strengthening of RC elements.

SEISMIC CAPACITY EVALUATION

The “Seismic Capacity Evaluation Standards” (JPDPA, 1977 revised in 1990) and “Guidelines for
Seismic Rehabilitation of RC Buildings” (JPDPA, 1977 revised in 1990) are used in conjunction with
the guidelines for seismic retrofitting of RC buildings. These guidelines have been used since 1977 as
an instrument to evaluate the seismic performance of existing RC buildings. Since these provisions
represent the first step in the retrofitting process, their basic concepts are briefly described in this
section. The seismic capacity of a building is quantified by the seismic index Is, which should be
estimated for every story and frame direction. It is defined as follows:

I|L=E,S, T 1)
where E, expresses the basic seismic index, Spis the structural design index, which accounts for plan
or story-height irregularities, gravitational and stiffness centroid eccentricities. T represents the time

index to account for the degree of deterioration of the building, manifested by cracks and permanent
deformations.

The basic seismic index is a function of the strength index C, and the ductility index F. The basic
seismic index E, is expressed as:

n+1
o T f(C,F) (2)

E

where ‘n’ is the number of stories and ‘i’ is the story being analyzed. The seismic index intends to
represent the capability of the building story being analyzed to absorb energy. Thus, if a story is
assumed to consist of a series of vertical members, such as those illustrated in Figure 1a, the load
deflection curves for this story subject to a monotonic load can be represented by the curve shown in
Figures 1b. The variable o represents the ratio between the lateral force acting in the element and the
capacity of the element. For the computation of E,, predetermined values for o and F are provided by
the “Seismic Capacity Evaluation Standards”. The largest value obtained by using the equations
illustrated in Figure 1c and 1d is used for the computation of .

Three procedures are recommended to estimate Is, which are dependable on the characteristics of the
story to be analyzed. These procedures can be described as:
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Figure 1: Seismic Capacity Evaluation

e The first procedure is the simplest, which is used for stories with a large density of walls. The
ultimate strength is estimated based on the concrete shear strength and cross section area of
columns and walls.

e The second procedure requires the calculation of the ultimate capacity and ductility of columns
and walls. The beams are usually assumed to be rigid. This procedure is used for “weak
column-strong beam” frames.

e The third procedure implies to calculate the ultimate capacity and ductility of the vertical
members as well as beams. All the possible mechanisms of failure are taken into account.

Once the seismic index Is is estimated, this value is compared to a limit index ls. If the Is index is
larger than the limit index, the building is expected to have a good performance during a seismic event.
Otherwise, the structures must be retrofitted to comply with the requirements of current building
standards. Evaluations conducted on damaged buildings due to earthquakes indicated that whenever
the Is indices were less than 0.3 severe damage was observed. Also, when the values of the Is indices
were larger than 0.6, the damage observed in the buildings was moderate. This was evident from the
evaluations performed to the building structures after the Hyogoken-Nanbu Earthquake in 1995, where
a value of 0.6 indicated the border limit between severe and moderate damage. Thereby, the
“Standards for Seismic Capacity Evaluation of RC Buildings” specify a value equal to 0.6 as limit
index ls, to prevent collapse or severe damage. When the structures is found to be structurally
deficient, new values for C and/or F have to be estimated to meet the structural demand.

SCOPE OF THE JBDPA GUIDELINES FOR STRENGTHENING WITH FRP

The Japanese guidelines for seismic retrofitting of RC building with FRP materials (JPDPA, 1999)
provide specifications on the characteristics of the FRP materials commonly used in Japan, their proper
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handling and installation. Also, pertaining design and detailing recommendations are provided, which
mainly target the shear strengthening of either columns or beams. Some of the main provisions are
described in the subsequent sections. The guidelines are part of the “Guidelines for Seismic
Rehabilitation of RC Buildings” (JPDPA, 1977 revised 1990), a comprehensive publication that
documents different retrofitting methods utilized in Japan.

MATERIALS

The JBDPA guidelines describe the properties of PAN-class high-strength carbon fiber sheets, and
aramid fiber sheets. In its turn, aramid is sub-classified as aramid 1 and aramid 2. Carbon fiber sheets
are labeled based on the tensile strength of the fiber; whereas, the denomination of the aramid fiber
sheets is based on the tensile strength in a width of one meter. The values of tensile strength and
modulus of elasticity have been estimated from laminates made of carbon or aramid fibers bound in a
resin matrix. Table 1 presents the properties of fibers bound by epoxy or methacrylate resin.

TABLE 1
PROPERTIES OF FRP SHEETS

Characteristic Carbon Fiber Aramid Fiber
3400 MPa Class | 2900 MPa Class Aramid 1 Aramid 2
Type of Fiber PAN-class High-Strength Homopolymer Copolymer
Tensile Strength > 3400 MPa | >2900 MPa >2060 MPa > 2350 Mpa
Young’s Modulus 230" GPa 118+ 20GPa 78+15GPa
Fiber Density 1.80+0.05 1.45+0.05 1.39+0.05

The viscosity of the adhesive resins influences the efficiency of the strengthening work. Thus, if
sagging is likely to occur, a resin of higher viscosity is recommended. Also, if smooth impregnation in
the fiber is required, a resin with lower viscosity should be used. In the case of primers, epoxy and
methacrylate resin are commonly used. Due to potential alterations of the hardening process, it is not
allowed to use an epoxy-based primer in combination with a methacrylate-based adhesive or vice
versa. In similar way, if the putty material is not compatible with the adhesive and primer resins,
imperfect adhesion may occur.

DESIGN APPROACHES FOR STRENGTHENING OF COLUMNS

In order to determine the required amount of FRP strengthening, the Japanese guidelines provide
expressions to calculate the flexural and shear strengths, and ductility index of RC members. The
equations are based on those presented by the “Standards for Seismic Capacity Evaluation” and the
“Guidelines for Seismic Rehabilitation of RC Buildings”. These equations have been widely used for
the design of new construction The definitions of the variables used hereafter are presented at the end
of this paper.

Ultimate Flexural Capacity of Columns

The ultimate flexural capacity of a RC column is calculated from the following expressions, which are
recommended by a guide for structural design of new buildings, which must comply with the “Japanese
Building Standard Law”.

For N, =N>N,:

max —
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M, =[0.58,0,9,D +0.024(1+g,)(3.6 - gl)szFc][

For N, >N=>0:

Mj (N_mm)
max—"' " b

N
Mu = 0.5agGyng +05ND 1—@ (N-mm)

For O>N=>N,_,,:
M

, =053,6,9,D +05Ng,D (N-mm)

Np, Nmax and Npin can be computed from:

Balanced Axial Force:

N, = 0.22(1+g,)bDF, (N)

Ultimate Axial Force in Compression:

Ultimate Axial Force in Tension:

N = bDF, +a,0, (N)

N i, =—2,0, (N)

min

The shear force associated to the flexural capacity M, can be computed as:

oM, (N)

Qmu: h

0

(32)

(3b)

(3c)

(4a)

(4b)

(4c)

()

A o value equal to two may be used to estimate the shear arm. Figure 2 shows the agreement between
the experimental and predicted values when using the previous equations.
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Figure 2: Validation of the Equation for Flexural Strength of Columns
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Ultimate Shear Capacity of Columns

The equation used to quantify the shear capacity of an RC member strengthened with FRP composite
systems is also similar to that used for structural design of new buildings. The only modification is the

addition of the product pwiorg to the summation Xpwowy, Which intends to take into account the
contribution of the FRP reinforcement. Thus:

0.053p,”*(17.6 + F,) .
= €2 +0.845 +0.1c. b N
Qu, M/Qd +0.12 (2o +010, b (N) (62)
where:
zpwcwy = pwscwys + pwfcfd <10MPa (6b)

An upper limit of 10 MPa is imposed to Xpwowy based on the fact that a larger amount of strengthening
would not significantly increase the shear capacity of the strengthened member. Equation 6a can also
be applied to predict the ultimate capacity of columns failing by bond splitting, and columns having
longitudinal round reinforcing bars.

Another consideration to mention is that the value of the shear span-to-depth ratio expressed as M/Qd
must not be less than one nor larger than three. The tensile strength of FRP for shear design is
estimated as: org = min{E&,,2/30;}. The value of ey equal to 0.7% is adopted based on previous

investigations, which have shown that the measured strain in the FRP laminate at the final stage, was
between 0.5% and 1.5%. These investigations have also shown that specimens strengthened with a
large amount of external reinforcement (pwiEsq) possessed smaller strains at failure. Along with the
first consideration, to avoid the rupture of the FRP laminate, a value of two-thirds of the tensile
strength of the FRP laminate was adopted as a margin of safety, when designing for shear.

Figure 3 illustrates a good agreement between experimental and predicted values for shear strength of
RC members strengthened with FRP material when shear failure (rupture of the laminate or
compression failure of the concrete strut) and bond splitting are observed.

__600 , : , % 600 : —
g 1 7 > e 7
E 500 b ___________________ ....... e é 500 }------ ......... ......... , ....... S
5 ; T 5 e s
2400 f T 5_“.>€/ ................ £ 400 oo o oo s
2 ; & : 3 : : - ;
(f) 300 : ’/.:(__..__.._5 __________________ E 300 . : ..... .-ﬁ.;:.“..,/:.....: ..................
= 5 ; ; - n - ; ;
£ ' ' | @ CFRP = L@ | ecFre
g 200 £ 200 oo R
IS A AFRP S ; s ; X Steel Plate
5 S Lol .| +RC
Steel Plat = A :
S 100 < SteelPlae). .. S 100 [t bl
u . . [*RC oot
Y2 SR S R LR /A E S S S
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Expected Shear Strength(kN) Expected Shear Strength(kN)
(a) Shear Failure (b) Bond Splitting Failure

Figure 3. Validation of the Equation for Shear Strength of Columns
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Ductility Factors and Ductility Index of Columns

The ductility index F is a function of the ductility factor p, and can be expressed by the following
relationships obtained from a degrading tri-linear hysteresis model.

F=¢2u—1 (7a)

where:
1

~ 0.75(1+ 0.05p)

¢ (7b)

The ultimate ductility factor p of columns strengthened with FRP materials is expressed as the margin
ratio of the shear strength to the shear force associated to the flexural strength. This factor can be
calculated as follows:

o= 1o(ﬁ — 0.9j , Where 1<u <5 (8)

Quy

It is known that the ultimate shear strength increases when the axial force in the column is increased.
Also, the ultimate flexural strength decreases when the axial force is larger than the balanced axial
force. This will cause that the associated shear force Qm, decreases, leading to a larger value of
ultimate ductility factor u. Thereby, to avoid the use of larger ductility values, the code specifies to
calculate Qmy based on the balanced moment, whenever the axial force exceeds the balanced axial
force.

DESIGN APPROACHES FOR STRENGTHENING OF BEAMS
Ultimate Flexural Capacity of Beams
The ultimate flexural capacity of RC beams is computed by using the following equation:
M, =09a,c,d (N-mm) 9)

The flexural capacity may also be calculated with equation 3b considering a value of axial force equal
to zero. The equations provided for the guidelines are for strengthening rectangular RC beams; the
influence of the reinforcement of slabs is not considered. The shear force associated to the flexural
capacity My is calculated as:

oM, (N) (10)

Qmu = LO

Ultimate Shear Capacity of Beams

To estimate the ultimate shear capacity of RC beams strengthened, the term representing the influence
of the axial force in equation 6a is dropped, thus equation 11 is obtained. Similarly to the case of
columns, the value of the shear span-to-depth ratio, M/Qd, must not be less than one nor larger than
three. In addition the term Zpwowy must satisfy the relationship given by equation 6b.

—-151-



0.053p,*®(17.6 + F,) .
- ¢/ +0.845 b N
Q. Miodso1z " V2 PO i (N) (12)

Figure 4 compares the experimental and predicted values for the maximum strength of RC beams
strengthened in shear with FRP materials. It is observed that the calculated values by using equation 11
are on the safe side.
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Figure 4: Validation of the Equation for Shear Strength of Beams

SPECIAL PROVISIONS
Strengthening Without Removal of Mortar Finishing

An advantage of using FRP materials for strengthening RC elements is that the disruption to the
building occupants or other individuals in the nearby area is minimum. One source of disruption is that
caused by noise, dust and vibration when removing the finishing mortar. Surfaces finished with mortar
were very common in Japan up to the mid-1970s, when the need for mortar finishing was basically
eliminated with the improvement the formworks. As a principle, the Japanese guidelines require the
removal of finishing mortar for strengthening of columns. However, the guidelines present special
specifications for the strengthening of RC rectangular columns without removing the finishing mortar,
which can be carried out when appropriate control during the execution of the strengthening work is
provided. These specifications are based on previous experimental programs, which demonstrated that
the shear capacity and ductility are not reduced when columns are wrapped around with FRP materials
with the presence of finishing mortar. In addition, based on those researches, in order the strengthening
to be effective, any existing cracks on the finishing mortar have to be repaired prior to installing the
FRP system. It is also specified that surfaces of mortar finishing painted with layers of thick painting
materials may remain. The bond strength of these materials must be at least 1 MPa; in addition, they
must not have any adverse chemical reaction with the epoxy adhesives. It is not recommended to
attach FRP materials to surfaces constituted of plastering, finishing tiles, wallpaper, etc.

The survey of the conditions of the finishing mortar should be based on the number of years of service
of the structure, the surface conditions, history of previous repair works and characteristics of finishing
mortar. The strength of the mortar is estimated by means of any suitable tool such as Schmidt rebound
hammers. Defining t, as the thickness of finishing mortar and D as the largest cross sectional
dimension of the column the following recommendations are provided for the design of the
strengthening:
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e If t, <D/15and the results of the survey indicate that the mortar finishing can remain, the
design is conducted as the mortar finishing had been removed.
e If t_ > D/15, the mortar finishing needs to be removed unless a special study is conducted.

In any case, with or without removal of mortar finishing, the lap length is specified to be larger than
200 mm. The radius corner must be larger than 10 mm when AFRP is used, and larger than 20 mm for
the case of CFRP wrapping. Due to concrete cover consideration, the radii should not exceed 30 mm
for any case.

Anchoring Systems

FRP systems that do not completely wrap the entire section will likely peel off from the concrete
surface. To develop larger tensile stresses in the laminate, mechanical anchorages can be used at the
termination points. Previous investigations demonstrated the use of Schemes C, D, E and F in Figure 5,
increased the shear capacity. However, these schemes may not be effective in beams having short span
or when the amount of reinforcement increases. It has been observed that the beam can split from the
slab along the corners, as illustrated in Scheme C. To account for this, it is advisable to check the level
of shear stresses at those corners to foresee the splitting. If the splitting is likely to occur, the
guidelines recommend the use of anchorage schemes as those labeled as Schemes A and B.

More Effective <«—» Less Effective

Scheme A Scheme C Scheme E
Scheme B Scheme D Scheme F

Figure 5: Anchorage Schemes

Specifications should be provided to fully guarantee the effectiveness of angles and bolts, which will
ensure the increase of shear strength. The specifications should include the number and strength of
bolts. Also, the “L” shapes must be designed to avoid rotation or plastic deformation caused by the
tensile stresses in the laminate. Since the corners are not necessarily at 90° degrees, the designer
should also provide specifications on the corner preparation and anchorage installation procedures.

CONSTRUCTION PRACTICE

Execution of the Strengthening Work

The work activities related to the strengthening of RC building structures should comply with the
Contractors Law of the Ministry of Land, Infrastructure and Transport of Japan. The JBDPA guidelines
provide adequate guidance for strengthening RC members with different combinations of continuous

fibers and impregnating resins. These combinations include CFRP/epoxy resin, CFRP/methacrylate,
and AFRP/epoxy resin. In its turn, the resins can be one-part or two-parts. Since there are no test
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results available on AFRP/methacrylate, specifications about this particular combination are not
provided. Depending on the fiber-resin combination to be used, the required weight by square meter
and the time interval for each step of the FRP installation are specified. As an example, Table 2
presents some specifications when FRP sheets are attached by using epoxy resins or a methacrylate
resins.

The strengthening work requires to be inspected after the installation of the FRP systems. This is done
to ensure the absence of defects such as blisters, partial peeling and residual resin. If blisters are
observed, a resin compatible with the primary resin can be injected. When partial peeling is observed,
it is recommended to remove the attached area without damaging the FRP lower layers, and replace it
with a new sheet. The new sheet should overlap the existing sheet at least 200 mm. If residual resin is
detected, it should be removed using sandpaper without damaging the FRP sheet.

TABLE 2
SPECIFICATION FOR INSTALLATION OF FRP WITH ONE-PART RESINS
FRP/Epoxy Resin FRP/Methacrylate Resin
Process Weight of . Weight of :
Material (kg/m?) Time Interval Material (kg/m?) Time Interval
Primer 0.2-0.3 >4 hrs., within 3 days 0.075-0.1 =60 min.
First layer of resin 0.4-0.5 Immediately 0.4-0.5 >5 min.
> 2 min. (for fabric type);
FRP sheet 1.15 m?/m? > 20 min. (for pre-preg 1.5 m*/m? Within10 min.
installation A X
type), within 90 min.
Second layer of resin 0.3-0.4 Immediately 0.4-0.5 Within10 min.
Air voids elimination | ---—-- >4 hrs., within3days | - =60 min.

Contractor Qualifications

The engineers and technicians, carrying out the strengthening work, must have been properly trained
on the handling of the raw materials and installation of FRP systems. Manufacturers and public
agencies involved with the use FRP materials provide appropriate professional training and
certification.

COMPARISON WITH THE ACI-440 GUIDELINES

The ACI committee 440 (2001, document under review) has developed guidelines for the strengthening
of RC structures with FRP. A comparative study between JBDPA and ACI guidelines was conducted
through trial design for strengthening of a column as follows. The shear capacity of an interior square
column of 650 x 650 mm dimensions requires upgrade. A complete wrapping scheme (Carbon/Epoxy
system) has been selected to upgrade the shear capacity of the column. The ductility index F is
estimated as 2.5. Determine the additional reinforcement. The “un-factored” axial forces are Dead
Load equal to 1500 kN, Live Load equal to 450 kN, and Seismic Load equal to +/- 15 kN. Figure 6
shows the shear strength as a function of the number of plies wrapping the column. It has shown that
the recommendations provided by ACI-440 allow for a larger contribution of the FRP reinforcement
shown in the figure. The JBDPA guidelines express the contribution of the shear reinforcement as the
square root of the summation of the steel and FRP contributions. Compared to the ACI guidelines,
where the shear strength is expressed as the summation of concrete, steel and FRP, this approach
increases the difference in the values of FRP shear contribution when the number of plies is increased.
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Material Properties : Fc = 21 MPa, o, = 345 MPa, Guys = 295 MPa
Area Longitudinal Bars: 387mm?, Area Transversal Bars: 64 mm? (spacing=200 mm)
FRP Properties : or =3400 MPa, Ety = 230 GPa, Thickness per ply =0.167 mm
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Figure 6: Shear Strength vs. Number of Plies

In Figures 7, to correlate experimental and expected values according to the JBDPA and ACI codes,
data obtained from over one hundred columns tested in Japan was used (Tumialan et. al, 2001). Most
of these specimens were strengthened with one or two plies of FRP laminates; mainly, carbon and
aramid. It should be noted that both codes provide appropriate estimations with proper conservative
values. It is also observed that the JBDPA approach provides less data dispersion.
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Figure 7: Experimental vs. Expected Values

FINAL REMARKS

Some of the most important provisions of the Japanese guidelines for the retrofitting of RC building
structures with FRP materials are presented. The JBDPA guidelines condense the research on seismic
retrofitting of RC building structures using FRP materials, which has been conducted in Japan mainly
after the Kobe Earthquake. These provisions deal with the proper handling, design and installation of
FRP systems used in Japan. Special considerations as the detailing of anchorage and strengthening of
columns in the presence of finishing mortar are described. Comparisons with the guidelines provided
by the ACI-440 are also presented.
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NOTATION

ag . Overall area of the longitudinal reinforcement of the column (mm?)
a: . Areaof the reinforcement in tension of a column or beam (mm?)
ay : Area of shear reinforcement within a distance equal to the spacing “s”  (mm?)
b,D : Dimensions of the columns (D >b) (mm)
d : Effective depth (Distance from extreme compression fiber to centroid of longitudinal
tension reinforcement) (mm)
Era : Modulus of elasticity of the FRP (Mpa)
F : Ductility Index
Fc : Compressive strength of concrete (Mpa)
g1 . Ratio of distance between the centers of longitudinal reinforcement in tension and
compression to the column width.
ho : Clear height of column
j . Distance between the tensile and comgressive force resultants.
(In columns: j = 0.80D. In beams: j = /g d)
M, : Ultimate Flexural Capacity (N-mm)
M/Q : Shear span (mm). A value equal to half of the column height can be used
N : Axial Force in the Column (N)
pt . Ratio of tensile reinforcement = a/bd (%)
pws - Ratio of existing shear steel reinforcement to area of contact surface = a,/bd (%)
pwi . Ratio of FRP reinforcement to area of contact surface = Area FRP/bD (%)
Qmu : Shear force associated to the ultimate flexural capacity (N)
Qs : Ultimate Shear Capacity (N)
eq - Effective Strain of the FRP, taken as 0.7%
p  :  Ultimate ductility factor
oy : Specified yielding strength of the longitudinal reinforcement (MPa)

For round steel bars: f, = 295 MPa
For deformed steel bars: f, = specified strength + 49 (MPa)

owys . Specified yield strength of the existing transversal reinforcement (MPa)
org . Tensile strength of FRP for shear design (MPa)
ofr . Tensile Strength of FRP (MPa)
6o . Axial stress (MPa), no larger than 7.84 Mpa
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A DISPLACEMENT-BASED MDOF TECHNIQUE
TO ACCOUNT FOR THE EFFECTS OF INFILLS IN
FRAMED STRUCTURES
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ABSTRACT: A response spectrum procedure for the global analysis of multi-degree-of-
freedom building structures to account for the nonlinear behaviour of structural members
as a function of increasing earthquake intensities is presented. The procedure is based on
interstorey secant stiffness and damping envelopes and searches for a displacement shape
compatible with the structure’s secant stiffness and spectral response for the considered
earthquake intensity. The procedure is used to study the behaviour of regular and
irregular infilled RC building structures in the context of performance based design.

Key Words: performance based design, infill walls, multi-degree-of-freedom response
spectrum analysis

INTRODUCTION

The effect of nonstructural masonry infills on the global dynamic behaviour of framed structures is
still a controversial issue (Colombo et al. 1998). Even though infills are disregarded in the design
process by most codes, they are capable of modifying the behaviour of building structures to a large
extent.

The detrimental effects of irregularly arranged infill panels are known, and attempts to account for
these effects in design have been made (Fardis et al. 1999a). Even though the relative importance of
plan-wise and height-wise irregularities is not completely clear (some studies seem to indicate that the
effects of irregularities in plan are not as severe as those of irregularities in elevation) (Fardis et al.
1999b), there is a general consensus about the need to take into account the effects of irregular
distributions of infills in design.

On the other hand, the need to account for regularly arranged infills is not very evident. Indeed,
the effect of regular infill patterns is typically regarded as positive. Infills can make the structure
considerably stiffer and stronger (which is a positive effect in most cases), and can significantly
contribute to energy dissipation by progressive damage of the panels, thus protecting the frame from
larger damage. The consequence of this point of view is that there is no need to account for the effects
of infills in design (as long as they are regularly arranged), and that the infills can be regarded as a
second line of defence, which may eventually improve the global seismic behaviour of the structure.

Pseudodynamic tests conducted on a four-storey reinforced concrete (RC) frame have thrown
more light into this problem (Negro and Colombo 1997). The seismic response corresponded to a
storey-wise progressive failure of the panels, thus transforming the structure into a soft-storey
mechanism. Even though the characteristics of the input did not result in excessive deformations, this
indicated that regular infill patterns can produce an irregular response. A confirmation of this finding
came from the analysis of the damage resulting from the Kocaeli (1999) Earthquake (Dolsek and
Fajfar 2001). As an effect of such earthquake, many apparently well designed and constructed
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uniformly-infilled frames suffered extensive damage, often leading to the collapse of the first storey,
and analyses indicated that the reason for the collapse may have remained within the infill panels, in
spite of their regular arrangement (see Photo 1, showing a building in Gdlglic which pancaked during
the 1999 Kogaeli earthquake with a sort of soft first storey effect, in spite of the fact it was uniformly
infilled).

Photo 1 RC Building in Gélgiic which pancaked during the 1999 Kocaeli earthquake.

The storey-wise progression of the failure of the panels cannot be traced by standard single-
degree-of-freedom (SDOF) techniques. A new assessment method, based on a simplified multi-
degree-of-freedom (MDOF) displacement-based technique, is used to study the behaviour of a three-
storey RC infilled frame which will be subjected to pseudodynamic tests. The conditions which
correspond to a storey-level mechanism are analysed, and the consequences for the structural
behaviour of the frame are discussed. The technique is proposed as a viable means to account for these
effects in analysis and design.

ANALYSIS METHODOLOGY

The assessment of the response of a building structure can be performed by means of analytical
procedures that can vary in complexity as a function of the methodology used and the level of
refinement desired for the computed structural response.

Non-linear dynamic time history analysis by means of Finite Element Models (FEM) offers to
date the most realistic description of the response of a structure to earthquake excitation. However, the
limitations of such a methodology are many: the constitutive relations that represent the physical
properties of the elements that make up the structure can be very complex and not always consider all
the factors that determine their behaviour; the analysis procedure is computationally expensive,
requires specialised and experienced engineers and may not always lead to a solution; finally the
confidence of the available data used as input in the analysis is generally lower than the accuracy of
the computed response. For these reasons parametric analyses are prohibitively expensive, thus
excluding the possibility of using FEM non-linear dynamic analysis for design purposes.
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Response Spectrum Analysis (RSA) methodologies offer a good compromise between accuracy
and computational cost. The maximum response is obtained based on fundamental properties of the
structure and of the seismic input. This makes the procedure ideal for design, as it allows to perform
parametric analyses at different levels of seismic input and different structural configurations.

The limit of RSA lies in the approximations involved in determining the two quantities that
govern the response of the structure: period of vibration and equivalent damping. In traditional force-
based design methods the period of the structure is obtained either by empirical expressions that take
into account the geometry of the structure or by computing the elastic first mode of vibration. A
constant level of equivalent damping is assigned as a function of the materials used, while the effect of
energy dissipation due to the development of plastic behaviour is taken into account by reducing the
elastic spectral forces. Whereas this approach may give a good description of the response of a regular
structure with well distributed damage, it falls short in identifying the members that most contribute to
energy dissipation, the mode of failure of irregular structures and the actual displacements obtained for
the different members of the structure.

The methodology proposed herein is based on response spectrum analysis applied to MDOF
systems and on equivalent secant stiffness and damping of the structure as a function of displacement
response (Taucer 2000, Taucer et al. 2000). The methodology identifies the effective contributions to
damping and stiffness of the different elements that form the structure, thus tracing the damage
evolution and failure modes as a function of the earthquake intensity. The proposed approach is ideal
for the analysis of infilled regular/irregular structures for which the stiffness and damping
contributions of the infill wall can be explicitly taken into account.

Non-linear Response Spectrum Analysis of SDOF Systems

It has been well recognised that the earthquake response of a non-linear SDOF system can adequately
be well represented by means of linear analysis of an equivalent system with secant stiffness and
hysteretic damping obtained at maximum response (Miranda and Ruiz-Garcia, 2002). Whereas some
differences are obtained in the time history response of the non-linear and equivalent linear systems, a
very good match is obtained for maximum response, in general sufficient for preliminary assessment
and design. It follows that response spectrum analysis of the equivalent linear system will give a good
approximation of the maximum earthquake response of the non-linear system.

Let us take a SDOF system described by an inertial mass m and by a given cyclic nonlinear force-
displacement constitutive law. Furthermore, the system is discretised into force-displacement and
damping-displacement envelope functions f and fp. The force envelope is computed as the resisting
force F developed by the system at increasing levels of displacement, considering either monotonic or
cyclic behaviour of the constitutive law at the displacement of interest; similarly, the damping
envelope is obtained by computing the hysteretic damping with the following expression:

_ WD 1
P (1)

S

where W) is the energy contained by the hysteresis loop of the constitutive law and W; is the elastic
strain energy stored in the system at the considered displacement amplitude d.

The step-by-step procedure to determine the response of a nonlinear system to earthquake
excitation is as follows:

Step 1. Assume trial displacement "

Step 2. F=f,[d] and &, =f,[d]
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Step 3. F

eq d*
Step 4.
T, =2n U
k.,
Step 5. Sd ZRSd [ag,quaE.aeq]
Step 6. |Sd _J*
If ———<Tol Then
Sd
d=S,, analysishas converged.
else

d =S,, goto Step?2

The procedure is iterative, when convergence is achieved with tolerance 7o/, the resulting
displacement corresponds to the response of the system to a seismic input of peak ground acceleration
a,. Spectral displacement S, in Step 5 is computed from displacement spectra RS, corresponding to a
specific soil class and to other parameters that may describe the ground motion.

The step-by-step procedure is repeated for different levels of a, to obtain the response of the
system with increasing levels of the earthquake intensity. Moreover, it is also possible to compute the
total damping as the sum of hysteretic and viscous damping, thus giving a better control of the
variables that determine the response of the system.

For a SDOF system made up of resisting elements in parallel the procedure is straight forward:
there are as many force and damping envelope functions as there are elements in parallel and the total
force is obtained as the sum of the resisting forces computed at displacement d. The equivalent
damping of the system is computed as the ratio between the weighted sum of the damping
contributions of each element in terms of their stored energy and the total elastic energy stored in the
system.

For a system formed by M, members ranging from ¢ = 1 to Q, the total equivalent damping is
computed as (Priestley and Calvi 1997):

4
D Fydég,y,
q=1

Sy =" (2)
Z F,d

g=1

The possibility of assembling the contributions of different elements in parallel is well suited for
the analysis of infilled frames, offering the possibility to distinguish the contributions of the infill
walls and of the RC frame.

Non-linear Response Spectrum Analysis of MDOF Systems
The transition from non-linear spectral analysis of SDOF systems to MDOF systems is not a trivial
one. A MDOF system can be seen as a system in series, where the displacement shape is not known in

advance. For the case of multi-storey buildings it is possible to discretise the structure as a system in
series made up of as many elements as the number of storeys of the building, and as a system in
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parallel for the different elements that make up each storey (i.e., infill walls and RC frame elements
are subjected to the same interstorey displacement).

Having presented in the previous sub-section the approach to compute the SDOF response of
system in parallel, the next step is to compute the MDOF seismic response corresponding to a system
in series. In fact, as acknowledged by many researchers, this is one of the main problems that has been
faced by displacement based methodologies: the definition of the displacement shape (Fajfar and
Krawinkler 1997). A traditional option has been to assume a near to inverted triangular shape for
regular buildings, to concentrate most of the deformation where a soft-storey mechanism is expected,
or to assume a displaced shape based on capacity design considerations (Miranda 1997, Fajfar et al.
1997, Fardis and Panagiotakos 1997, Priestley and Calvi 1997, Reinhorn 1997). However, these
assumptions use as premise the expected response of the structure, which is what the analysis
methodology is expected to compute. As an alternative to overcome this problem the following
iterative procedure is proposed:

Step 1. Assume a trial displacement shape.

Step 2. Compute the resisting force and equivalent damping of all members of the structure
by means of the force and damping envelopes as a function of the trial displacement
shape.

Step 3. Assemble the element stiffness into the structure stiffness matrix.

Step 4. Compute the equivalent damping of the structure by means of Eq. (2).

Step 5. Compute the eigenvalues and eigenvectors of the structure based on the stiffness
matrix computed in Step 3.

Step 6. Enter the response spectra for a given earthquake intensity and compute the modal
spectral displacements as a function of the modal periods computed in Step 5
assuming constant damping (as computed in Step 4) for all modes of vibration of the
structure.

Step 7. Compute the modal displacements of the structure based on the eigenvectors
computed in Step 5 and the spectral displacements computed in Step 6; obtain the
displaced shape by SRSS combination (for faster convergence it is also possible to
account for the contribution of the first mode only).

Step 8. Compare the obtained displaced shape with the trial shape. If the comparison is
within the desired tolerance the solution converges, otherwise update the trial
displaced shape with the computed displaced shape in Step 7 and go to Step 2.

As with the SDOF system, an assumption is made for the displaced shape, which is updated
through the iterative procedure until a solution is found. A set of iterations is performed for each level
of the earthquake intensity, using as starting trial displaced shape the converged displaced shape at the
previous earthquake intensity.

In essence, the procedure consists in searching a displacement shape that results in a stiffness
matrix and equivalent damping such that, when computing the modal properties and entering the
response spectra for a given earthquake intensity, a displacement response equal to the trial
displacement shape is obtained.
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Step-by-Step Analysis Procedure for Multi-Storey Building Structures

The procedure presented for MDOF systems is now presented for the particular case of multi-
storey structures. The first assumption that is made is that the behaviour of the building structure can
be discretised as shear type, where independent interstorey shear-displacement envelope functions can
be computed for each storey.

One way of establishing these envelope functions is by performing pushover analyses on a
nonlinear model of the building, where unit interstorey displacements are imposed at the storeys of
interest. Another way of calculating these functions is by computing the maximum capacity of the
frame at each storey as a function of the member cross sections, setting yield interstorey displacements
as a function of interstorey height and interstorey drifts at yield, and establishing the slope of the
plastic branch as a function of the detailing or type of cross section of members.

The condensation of the response of a shear type building in the lateral degrees-of-freedom
(DOF’s) is exact when working in the linear range; however, when working in the nonlinear range the
secant stiffness matrix obtained from the pushover analysis or from the stiffness-strength-ductility
evaluations changes as a function of the displacement shape considered in the stiffness evaluation
itself. However, these changes are usually not too large (Miranda and Ruiz-Garcia, 2002), therefore at
this stage of analysis the assumption of being able to calculate nonlinear force-displacement envelopes
from unit interstorey deformations is considered satisfactory.

The procedure for computing the response of a multistorey building follows the same step-by- step
schemes presented in the previous section. The following nomenclature is introduced, where index i
denotes the storey number (or mode number) and » the total number of storeys (or total number of
modes considered in the analysis):

= Storey displacement vector: v

= Interstorey displacement vector: Ay

= Member interstorey shear force envelopes: Vg =fvmq [AY]
= Member equivalent damping envelopes: Ema = Sz g [AY]

All vectors are of n (number of storeys) dimension. The building is composed of O members M,
acting in parallel at each storey level. For example, a reinforced concrete (RC) infilled frame would be
composed by two M, members (Q = 2), namely the RC frame (1/;) and the infill walls (1,). For storey
levels where not all M, members are present, zero interstorey force and damping functions are
assigned.

Secant stiffness K. is computed by assembling through the n storeys of the structure interstorey
secant stiffness k.. ;, obtained as the sum of secant stiffness k.. 1y ; calculated for each of the O
members working in parallel at storey level i. The secant stiffness of each member M, is calculated as
the ratio between resisting force Vjy, ; and interstorey displacement Ay;,. The structure stiffness matrix
K. is then assembled as (for ease of notation, the term k.. ; in Eq. (3) was replaced by £;):

[k +k, —k, i
—k,

—ki 3)

sec i i i+l

The mass matrix M is assumed diagonal, with all cross terms equal to zero and diagonal terms m;
equal to storey mass m;.
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The input data given by the user to start up the analysis procedure are:

= Number of storeys:

= Member interstorey shear force envelopes:
=  Member equivalent damping envelopes:

= Storey masses:

= Response spectrum function:

= Set of target a, (of length K):

n

Srmg

fE,Mq

m;

S.=RS,[a,, T, E]
g

= Trial displacement shape: Yo
= Convergence tolerance: Tol
= Structure viscous damping: &

The step-by-step procedure is described as follows:

Step 1. Setk=1

Step 2. ke

Step 3. Set trial displacement shape:

If k=1 and j=1 then
(v =w,

If k#1 and j=1 then
(y/) =yt

If k#1 and j#1 then
(w) =™

Step 4. Compute interstorey displacements (Ay')* corresponding to (y/)":

Ay ) =) Ay =) —(y) fori=2ton

Step 5. Evaluate member interstorey forces (Vi /)" at each storey i:

(Vquj)k = fVMq [(A\ij)k]

Step 6. Compute member secant stiffness (kyec 14 l-j)k at each storey i:

(b = L)
secMq i (A\V}f/ )k

Step 7. Compute interstorey secant stiffness (k. ;)" at each storey i:

. Q .
(ksec ij )k = Z(ksech ij )k
Mg

Step 8. Assemble member secant stiffness (ke ! )k to obtain structure stiffness (Ksecj )k.
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Step 9.

Step 10.

Step 11.

Step 12.

Step 13.

Step 14.

Step 15.

Step 16.

Evaluate equivalent damping (&, ;/ )" at each storey i:
(an ij )k = ngq [ (A\Jrlij )k]
Compute the equivalent damping (& /)" of the structure:
c N I\ k i\ k I\ k
22 G D) I D (A, )]

((ij)k: i qu 5 - . +E:v
2.2 W) N

i Mg

Solve the eigenvalue problem || (K ) = [(0/YT M || =0 and obtain:
Modal angular frequencies (o;/)° and Modal shapes (@,/)"

Compute modal spectral accelerations (S, /)" corresponding to (77)" and (§/) as a
function of a.":

@) =i 5 G =R, (e @Y€

Compute modal spectral displacement (S, /)":

. (S .j)k
(8,0 =
[(@,))"]

Compute structure modal displacements (/)" corresponding to (S,;/)":

' == s @) =) M s (M) =(9,) M (o))

(W) =) @) (8,
Compute the displacements (\p*j)k of the structure by SRSS combination of (y;)":
(w'/)" =SRSS [(w,))']

Compare computed displacements (y )" with trial displacements (/)" :

(\Vij )k _'(\Vi*j )k
(v,

goto Step 3

If <Tol foralli DOF

else

W) =), goto Stepl7
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Step 17.  Compute external storey forces F,/

F ‘ :Kseck ‘I’k

ext

Step 18.  Compute modal effective mass Meﬂ,«k:

)
eff i M(k
Step 19.  Compute modal base shear V, he
k k
Vei =M effi Sai

Step 20.  Compute total base shear V' by SRSS combination:
v,* =SRSS [V,,"1
Step 21. If k<K then

k=k+1, goto Step?

else

Stop

The step-by-step procedure consists of an internal iteration loop denoted by index j and an
external cycle loop denoted by index k. The external cycle loop consists of K cycles, each cycle
corresponding to a target level of base acceleration a,. At each cycle &, J¥ iterations are performed to
reach a converged solution.

From Step 3 the trial displacement shape is taken either as the last converged state in the previous
k cycle or as the last computed state obtained in the previous j iteration. As for the trial displacement
shape , used to start the procedure it is preferable to use an inverted triangular shape with small
displacement values corresponding to elastic behaviour of the structure.

From Step 10 the total damping of the structure is computed as the sum of the energy-weighted
hysteretic damping contributions of structural members and the structure viscous damping &, that
remains constant throughout the analysis.

In Step 13 the spectral displacements are computed from the spectral accelerations computed on
Step 12 from the acceleration spectra RS,. This option enables the user to use the acceleration spectra
as defined by most seismic building codes.

The variables introduced in Step 14, namely L;, M; and Y;, are no more than the modal-earthquake
excitation factor, modal mass and modal amplitude used in the standard analysis of earthquake
response of lumped MDOF systems.

It is also possible to compute other quantities of interest, such as the total interstorey force, or the
percentage of equivalent damping proportioned by each storey or by each member type M,.

EXAMPLE OF A 3-STOREY INFILLED RC BUILDING FRAME

An example of a three storey frame RC building (Photo 2) that will be tested at the European
Laboratory for Structural Assessment (ELSA) is presented in the following. The structure is part of a
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project to study the seismic behaviour of flat-slab buildings designed in accordance with the 1986
Italian national seismic code (Ministero dei Lavori Pubblici 1986). Extensive nonlinear analyses have
been performed in preparation for the testing campaign, thus permitting to derive the force and
damping envelopes required for the proposed procedure (Negro et al. 2002). In addition, the analytical
results will be published before performing the tests in the laboratory, thus giving the opportunity of a
“blind” check of the validity of the assessment procedure proposed herein.

Photo 2 3-Storey RC Flat-slab Building

Description of the structure

The test specimen is a full scale building composed of two frames with two spans of 6 and 4 meters as
shown in Fig. 1. The storey heights are 2.82, 5.76 and 8.70 metres measured from the base of columns,
with free interstorey heights of 2.70 m. A slab with a thickness of 20 cm and with 4 cm topping was
adopted. The beams are 1 m wide, have the same height of the slab and are supported by columns of
40 cm square cross section. An eccentricity of 20 cm exists between the axis of the beam and that of
the column. Due to the limited cross section height, beams have rather high reinforcement on both
sides, however, only some rebars are anchored or passing through the column the column joint.

The self weight of the slab is 3.5 kN/m®. An extra permanent load of 2.0 kN/m® and a live load of
2.0 kN/m* were considered. The inertial masses m used for the seismic design and analysis were of
51.61 Ton for the first and second storeys and of 54.12 Ton for the third storey. The structure was
designed for medium seismicity (base shear coefficient 0.07, importance factor 1.0), which
corresponds to a peak ground acceleration of 0.25 g.
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Fig. 1 Lay-out of the RC building frame mock-up

To represent the construction practice before the new Italian code came into effect (Ministero dei
Lavori Pubblici 1997), the detailing rules in the current code were intentionally violated. This applies
to the eccentricity between beam and column axes, as well as to the width of the beam, which would
not have been acceptable. In addition, no rules for ductility were considered: columns have single 8
mm stirrups (with 90° bents) at 20 cm spacing, beams have double 8 mm stirrups at 15 cm spacing.
Standard materials were used (concrete C25/30 and steel deformed bars with 440 MPa characteristic
yield strength).

Seismic Input

The seismic input used for the analysis corresponds to the elastic response spectrum RS, given by
(Eurocode 8 1998) for sub-soil class B for increasing levels of peak ground acceleration a,. The
damping correction factor 1 is given by Eq. (4) and was derived as the best fit of the reduction factors
proposed by (Boomer and Elnashai 1999) for elastic displacement spectra predicated from attenuation
equations. Eq. (4) gives a better estimate than Eurocode 8 of the damping correction factor for large
values of damping up to 30%.

n= 1 for & <5%
2+¢&

4)

10 5053 for & >5%
+&

Interstorey RC Frame Envelopes

Interstorey envelopes were derived for the RC frame based on analytical results obtained from a
nonlinear model of the structure using the FEM computer code IDARC2D (Valles et al. 1996). The
standard lumped-plasticity model was used using a trilinear model with pinching behaviour and
strength and stiffness degradation; the skeleton curve was modified to include the effect of slippage of
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the rebars. The parameters of the model were adjusted to fit the experimental behaviour observed on
similar RC elements (Negro et al. 2002).

Nonlinear quasi-static cyclic analyses were performed by imposing displacement shapes
corresponding to (d, d, d), (0, d, d) and (0, 0, d) for the first, second and third storeys to study the
interstorey force-displacement behaviour; displacement d corresponded to a cyclic history of
increasing amplitudes of 2.0, 5.0, 9.7, 14.8, 20.9 (18.0 for the third interstorey) and 27.0 mm. Three
cycles were imposed at each displacement amplitude with the purpose of stabilising the pinching,
stiffness and strength degradation effects accounted by the model; the interstorey force-displacement
envelope used in this study was obtained from the values obtained at the third cycle.

Force-Displacement Envelope

The interstorey shear-displacement envelopes obtained from the nonlinear analysis were fitted with the
expression formulated by (Menegotto and Pinto 1973) to describe the monotonic envelope of the
stress-strain uniaxial behaviour of steel reinforcing bars:

1-b
_ v
V.=k., |b, + — Ay > 0 (5)
A
1+ =¥
dV c0
700
600 - First storey
500 1 Second storey
£ 400 \
5
< 300
n
2009 £ & IDARC Model Third storey
100 -
0 T T T T T T
0 5 10 15 20 25 30 35

Displacement (mm)

Fig. 2 RC Frame Interstorey Shear-Displacement Envelope

where V. is the RC frame resisting force corresponding to interstorey displacement A, £, is the initial
stiffness, by is the post-elastic to initial stiffness ratio, dy . is the “yield” interstorey displacement and
Ry is a parameter which can vary from 0 to infinity. Low values of the Ry parameter result in a smooth
variation of the slope from initial to post-elastic stiffness, while large values of R, give a sharp
variation of the slope resulting in a curve that mimics a bi-linear behaviour. The advantage of this
formulation is that it is continuous and closed-form and requires parameters that are well related with
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the force-displacement envelope of a structure. Eq. (5) corresponds to the member interstorey shear
force envelope function fyy, proposed in the step-by-step procedure. For ease of notation index M,
has been changed to ¢ to denote the RC frame. The force-displacement envelopes are shown in Fig. 2
and the parameters used in Eq. (5) are given in Table 1.

Table 1 RC Frame Menegotto-Pinto Parameters of Interstorey Shear-Displacement Envelopes

Storey Kco by dveo Ry
kN/mm | | mm |

113.4 -0.038 7.0 1.6

69.35 0.054 6.2 4.0

42.35 -0.086 8.5 5.0

Damping-Displacement Envelope

The interstorey damping-displacement envelope is computed from Eq. (1) based on the area contained
by the hysteresis loops of the cyclic numerical nonlinear response of the numerical model described in
the previous sub-section using IDARC2D. The equivalent damping was computed for the third cycle
at each of the imposed displacement amplitudes, resulting in lower values than those expected for the
first cycle, thus recognising some amount of degradation in the RC frame. The damping envelopes
were also fitted with the Menegotto and Pinto formulation, the expression is now reformulated into Eq.
(6) to account for the different parameters given as input to define the member storey shear force
envelope function f; ), proposed in the step-by-step procedure:

P TR PO =0, (Ay-d..) > 0 for Ay>d
¢ d. —d & R TV Re A4 £ cs Y Zag e (6)
& cO Eocs A\V—d N
1+ ——==
dﬁ(:O_dﬁc‘s
zc’u 1
b — c0 7
: dﬁth_di(fx _1 ( )
déco_dics

Table 2 RC Frame Menegotto-Pinto Parameters of Interstorey Damping-Displacement Envelope

Storey dgocs dgseo dgcy £co £ R
mm %

1 2 7.2 27 8.4 5.9 5.0

2 2 6.0 27 5.0 5.8 35

3 2 4.8 8.7 8.5 3.2 2.5

where &, is the RC frame equivalent damping corresponding to interstorey displacement Ay, &, is the
damping related to displacement d: .o and R: is a parameter which can vary from 0 to infinity.
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Parameter b: is computed from Eq. (7), &, is the damping related to displacement d: ., and d: . is the
displacement corresponding to loss of linearity; for Ay < d: ., the hysteretic equivalent damping &, is
equal to zero. The damping-displacement envelopes are shown in Fig. 3 and the parameters used in
Egs. (6) and (7) are given in Table 2.

10

Third storey First storey

Damping (%)
[6)]

4
314 xJgy X = IDARC Model
2
14
0 KK HH KRR KRR —K
0 5 10 15 20 25 30 35

Displacement (mm)

Fig. 3 RC Frame Interstorey Damping-Displacement Envelope

Interstorey Infill Wall Envelopes

The infill wall envelopes were computed from the infill macromodel developed at the University of
Patras by Panagiotakos and Fardis and described in (ECOEST-PRECS 1996).

Force-Displacement Envelope
The force displacement envelope is a trilinear function with the following properties:

G A
k 0 — ’ Aw :Lwtw
w0 Hw (8)
EW .t
k, =——2" cos’0 ; 0= arctan(H/L)
L +H’ )

E t sin26
B 0.4 2 2 . =4
W, =01750,H) "N +H> 5 ), =4 2EI D (10)

Vie=T,.4, and V =13V

w0 wer w wu

(11)

where £, is the intial stiffness, &, is the secant ultimate stiffness at ultimate shear strength V,,, and
Vwo 1s the shear cracking strength corresponding to the change of secant stiffness from initial to
ultimate. The input parameters needed to compute these values are: G, Ey and 1,, ., corresponding to
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the shear modulus (1240 MPa), elastic modulus in the horizontal (weak) direction (2520 MPa) and
diagonal cracking strength (0.28 MPa) of masonry; L, H, and #, corresponding to the length (3.60
and 5.60 m), height (2.70 m for all storeys) and thickness (11.2 cm) of the infill wall; H and L
corresponding interstorey height (2.94 m for all storeys) and bay length (4 and 6 m) of the RC frame;
E. and I, corresponding to the elastic modulus of concrete (30000 MPa) and the moment of inertia of
columns (213000 cm*). Other parameters derived from the above equations are the cross section area
A, of the infill wall and the effective width W,; of the equivalent strut inclined at an angle 6 with
respect to the horizontal.

The linear unloading branch after reaching V., is replaced by the exponential strength decay
proposed by (Klingner and Bertero 1976), where v is the strength decay coefficient (0.035 mm™), v is
the elongation of the compression strut and d,, is the displacement corresponding to maximum
strength V,,:

— A\II - dwu

V.=V, e for Ay>d,  ; v
cosO

w wu

and d,, =Z— (12)

wu

The shear-displacement envelope of the infill wall is shown in Fig. 4 and was computed as the
sum in parallel of the contributions of the two sections of 3.60 and 5.60 meters of length. The
parameters that result from Egs. (9), (11) and (12) are given in Table 3 and describe the infill wall
shear-displacement envelope f;,, function used in the step-by-step procedure.

700

600 -

500 A

All Storeys

Shear (kN)
w IN
o o
o o

200 -

100

O T T T T T T
0 5 10 15 20 25 30 35
Displacement (mm)

Fig. 4 Infill Wall Interstorey Shear-Displacement Envelope

Table 3 Infill Wall Parameters of Interstorey Shear-Displacement Envelopes

Storey K wo K wu Vo Vi 4 v
KN/mm kN rad mm
1,23 | 473 52.4 | 289 375 | 0.53 | 0.035
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It is also possible to reduce the shear capacity of the infill wall to account for cyclic damage by using
the following expression, where a (~0.025) and k (exponent that accounts for half cycle ductility
accumulation) are parameters derived from tests and set to zero for the present analysis:

_ —2a(Ay/dyy)" . _Vwo
Vw_l/we s dwO__ (13)

Damping Displacement-Envelope
The damping envelope of the infill wall is computed from the expression given in Eq. (14) in terms of
ductilities p, and p,, as defined in Eq. (15), stiffness ratios p and p; as defined in Eq. (16) and
parameters o, 3 and vy, defining the unloading brach; the damping formulas apply for reloading cycles
after the first. Damping &, is equal to zero for p,, < 1.

The infill wall damping envelope function f; ,, defined by Eq. (14) is shown in Fig. 5 and was
derived with the parameters given on Table 4. The values of o, f and y correspond to those
recommended in (ECOEST-PRECS 1996).

(1= p) (u, —1) B+0.5(1-0) (=) [1+ p(u, —1)]
an 1+ p(u—1)

for p, <p,,, else

€, =

iy~ 1= p D+, —p) B0S0-a) =)+ pluy ~D-pl, —n)] P

Tu 1+ p(p,, 1= p(u, —n,.)

E, =

A— and =
dwO uwu dwO ( 1 5)

B,

—1.5vd,, /cos® _
p — Zwu VwO and p] — un (e 1)

1
- dwO k wo 15 dwu kwa

(16)
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Fig. 5 Infill Wall Interstorey Damping-Displacement Envelope
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Table 4 Infill Wall Parameters of Interstorey Damping-Displacement Envelope

Storey I a B 14 | p P1
1,2,3 | 0.15 0.10 0.80 | 0.0279 0.0275

Response of the Regularly and Irregularly Infilled RC Frame

The proposed step-by-step procedure is used to analyse the response of the RC building considered in
this example for a series of increasing peak ground accelerations a, up to a maximum of 0.35g (length
of a, vector: K = 60, i.e. intervals of 0.00583g). The properties of the RC frame and infill walls were
given in the previous sections. The remaining values given as input to start-up the analysis procedure
are: number of storeys n = 3, trial displacement shape w, equal to a constant drift of 0.05%,
convergence tolerance 7o/ of 0.01% and constant viscous damping &, of 2.5%.

The analysis results are presented in terms of interstorey displacements versus peak ground
acceleration. The plots are presented against a performance criteria (a dashed line) for visually
assessing the state of the structure, with no influence on the analysis results. The performance criteria
corresponds to a polynomial curve defined by interstorey drifts of 0.15% (4.41 mm), 0.45% (13.3 mm)
and 0.75% (22.1 mm) at a, values of 0.07g, 0.25g and 0.35g, allowing for minor, medium and
extensive damage for small, medium and large periods of return of the earthquake. For a, less than
0.07g the interstorey drift criteria is constant and equal to 0.15%.

The results for the regularly infilled frame are shown in Fig. 6, and show that the structure
satisfies the assumed performance criteria up to a maximum interstorey displacement at first storey of
8.2 mm, when the infill wall enters into the unloading branch and the structure develops an unstable
soft-storey mechanism at 0.28g.

The analysis of the response of the bare frame and of irregular storey-wise infilled wall
configurations give further insight into the problem. In Fig. 7 the response of the bare frame is shown,
showing that interstorey drifts are largest at the second storey, exceeding the performance criteria at a,
equal to 0.175g with an interstorey displacement of 8.8 mm; the structure becomes unstable when the
first storey also develops a mechanism at a, equal to 0.25g. In Fig. 8 shows the response of the frame
with infills at second and third storeys only, showing that in this case all deformations are
concentrated in the first storey, exceeding the performance criteria at a, equal to 0.16g with a
displacement of 7.8 mm and becoming unstable at a, equals to 0.19g.

On Table 5 the response quantities relative to the external storey force (F,y), interstorey shear
(Vin), interstorey secant stiffness (k.. /) and interstorey equivalent damping (&;,,) contributions of the
RC frame and infill wall members for a, equal to 0.175g are given for the three structural
configurations corresponding to the regularly infilled frame, bare frame and first soft storey frame.
The response quantities in terms of interstorey displacement, structure damping, first mode period,
spectral displacement and spectral acceleration, and structure base shear are given in Table 6 for a,
equal to 0.175g for all the possible combinations of regularly and irregularly infilled frames.

Focusing on the first three configurations represented in Figs. 6, 7 and 8, it is possible to conclude
what has been observed from previous experimental tests, nonlinear time history analyses and field
observations: the regularly infilled frame can sustain base accelerations 50% larger than the bare frame,
however, the failure mode of the latter is more “ductile” when compared with the sudden failure that
takes place when the first storey infill wall reaches its maximum capacity. The soft storey
configuration develops a mechanism at about the same base acceleration as the bare frame, yet with
mechanisms that are intrinsically different: the bare frame develops a mechanism at the second storey,
confirming the results obtained from preliminary time history nonlinear analyses.
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Table 5 RC Frame Response for 3 Infilled Configurations for a,= 0.175g

Storey n Fex (kN) Vine  (kN) Ksecint  (KN/mm) Sime (%)
Total RC Infill Total RC Infill Total RC Infill Total RC Infill
Regularly Infilled
3 262 22 241 262 22 241 515 42 473 0.00 0.00 0.00
2" 228 155 74 491 176 315 192 69 123 111 0.09 1.01
1% 127 120 7 618 296 322 199 95 104 1.81 0.50 1.31
Bare Frame
3 248 248 248 248 41 41 0 1.17 1.17 0.00
2" 170 170 418 418 48 48 2.06 2.06 0.00
1% 82 82 500 500 70 70 2.94 2.94 0.00
1% Soft Storey
3 203 17 187 203 17 187 515 42 473 0.00 0.00 0.00
2" 187 75 112 390 92 298 295 69 225 0.21 0.00 0.21
1% 163 462 -298 554 554 0 60 60 0 7.01 7.01 0.00
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Table 6 RC Frame Response for all Possible in-height Infilled Configurations / a,= 0.175g

3 no no no no
Infill wall? ond no no no no
15t no no no no

Interstorey Dislacement (mm)

3" Storey 0.51 6.07 0.39 0.44 5.69 6.28 6.17 0.43
2" Storey 2.56 8.77 1.32 10.42 0.55 7.43 1.35 9.73
1% Storey 3.11 7.14 9.19 1.66 0.71 1.24 7.72 7.99
Es (%) 5.42 8.66 9.72 7.06 8.12 7.46 9.33 8.74

1°' Mode Period (s) 0.224 0.435 0.339 0.343 0.248 0.353 0.360 0.418

1°' Mode Sy (mm) 5.36 17.58 10.27 11.67 5.83 12.16 11.74 16.17

1% Mode S, (m/s?) 4.20 3.67 3.54 3.91 3.75 3.85 3.59 3.66

Base Shear (kN) 618 500 554 477 369 430 517 525
CONCLUSIONS

The analysis methodology presented herein offers a valuable tool to analyse and assess the seismic
response of multi-storey structures. The methodology is based on stiffness and equivalent damping
envelopes in terms of the interstorey displacements of the different members that constitute the
structure (RC and masonry walls for the example presented). The analysis procedure allows to study
the evolution of structural response for increasing levels of earthquake base excitation to different
structural configurations at very low computing costs, thus offering a valuable tool not only for
assessment, but for structural design as well.

The results confirm the observations gathered in recent years from the study of infilled frames: the
design of a RC frame must take into account the presence of infilled masonry walls in order to account
for the effective modes of failure that take place at different levels of earthquake excitation. The
proposed methodology offers the means to analyse/design such structures in the framework of
performance base design.
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