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President's Message

Greetings and welcome to you all from SEWC on the occasion of the release of another edition of
the SEWC Journal. Also let me express my best wishes for a prosperous and peaceful 2019.

| am happy that our journal publications are acknowledged well in the field of structural
engineering. Thanks to our Editorial team. This encouragement of-course makes us to work
harder so as to maintain the quality of publication still better.

As | indicated earlier it will be our endeavour to make the SEWC journal as a source of
information related to civil engineering and especially structural engineering with quality
technical contents and | must say that it is gaining momentum. | hope readers of SEWC Journal
will gain through reading the articles published in the Journal from time to time.

May | take this opportunity of informing you that the 7th International Congress of Structural
Engineering World Congress in Istanbul, Turkey is being organized by SEWC Turkey Group
during April 24th - 26th, 2019 under the Chairmanship of Prof. Goren Arun. Preparations to
conduct this prestigious Congress is in the advanced stage and | am sure of the success. SEWC
extends awelcome to all to attend the symposium in Instanbul.

Wish you avery Happy & Prosperous new year.

R.SUNDARAM
President - Structural Engineers World Congress, Worldwide
Member —Advisory Board, International Association for Shell and Spatial Structures [IASS].

R. SUNDARAM
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Editorial

As the President, SEWC has said the journal keeps its priority on quality and originality of the
papers published. The readers till now would have observed that the papers from the previous
conferences would be selected based on merit and published in the subsequent issues of the
journal. It is a matter of pride to share with the readers that the most of the papers in all the
previous SEWC conferences were always of very good quality. It was very difficult to choose only
afew like 6 or 7 out of so many good papers. That evidently proves that the structural engineering
community is very conscious of the quality of the papers they write as much and no less than the
quality of design and construction they do. | believe that the SEWC journal is doing its
contribution by disseminating the wisdom of the community to a wider audience.

B KRaghu Prasad
Editor-in-Chief
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Obituary

With profound grief we inform the sad demise of our beloved Prof. Roland L Sharpe, Co-Founder
and Past President of SEWC Inc. recently. He had a long and successful career in many
capacities whichever organizations/associations with which he was involved. He was a
distinguished Member, ASCE(USA) and Honorary Member of five other national and
international professional organizations. He was Author/co-author of over 200 technical papers,
books, and reports. He had a passion for structural engineering. His demise leaves a void inthe
structural engineering fraternity and we salute his immense contribution to structural
engineering. We fondly remember his services and his ever positive attitude. On behalf of the i
SEWC our deepest condolences to his family and friends for this irreparable loss. He remains Prof. Roland L Shar

. . . . pe
very much in our thoughts. May his soul be blessed with eternal peace.
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Model Updating of A Super Tall Building in
Shanghai with Ambient Vibration Test Data

Yuxin Pan", Carlos E. Ventura’®, Haibei Xiong’, Fengliang Zhang*
" Department of Civil Engineering, University of British Columbia, Canada
? Department of Civil Engineering, University of British Columbia, Canada
° College of Civil Engineering, Tongji University, China
“ College of Civil Engineering, Tongji University, China

Abstract: The Shanghai Tower is the tallest structure in
China and one of the super tall buildings in the world. The
building stands approximately 632 meters and has 128
stories. On May 8th, 2015, an ambient vibration test was
performed on this building in its final stage of construction by
a collaborative team from the University of British Columbia
and Tongji University. The first nine modesof vibration and
the associated damping ratios were determined below 1Hz
by using the operational modal analysis. A simple and
efficient lumped-mass stick model based on the macro
beam theory was developed in SAP2000 as the baseline
model for updating. By performing the sensitivity analysis,
several sets of parameters were selected and then modified
with an automated updating procedure. An average of 4.4%
difference between natural frequencies of all nine modes
was obtained, and the updated properties of FE model
successfully maximize the modal assurance criterion (MAC)
and minimize the discrepancies of periods between real
structure and numerical model. The updated new FE model
is now reliable for wide range of applications in the area of
seismic performance, long term heath monitoring and risk
assessment.

1.INTRODUCTION

Inrecentyears, to meet both economic and social needs,
the design and construction of super tall buildings is a
merging topic in China. Since 2010, more than 50 high-rise
buildings in China over 300 m have been either constructed
or proposed. Significant example is the Shanghai Tower,
which was initially designed in 2006 and just starts its trail
operation in January 2017 in Lujiazui District, Shanghai,
China. As the tallest structure in China, Shanghai Tower has
127 stories above the ground with a total height of 632 m, as
seen in Fig. 1. A triangular outer facade encloses the entire
structure, which gradually shrinks and twists clockwise at
approximately 120 degrees along the height of the building.
According to the requirement of building function, the tower
is divided into nine zones along its height by 8 sets of two-
story outrigger system at each Mechanical/Electrical/
Plumbing (MEP) floor [1]. Every zone has a specific usage
function of either office, hotel, shopping mall or
entertainment.

Like many other super tall buildings in the world,
advanced design philosophies and innovative techniques

Fig. 1:Front view of three tallest buildings located in Lujiazui District, Shanghai

have been implemented into Shanghai Tower. For example,
the double curtain wall system, the sustainable energy-
saving concept, the mega column and core wall resisting
system, as seen in Fig. 2 [2]. Considering its importance and
complexity, many numerical analysis and even scaled
laboratory shake table tests have been conducted on
Shanghai Tower to investigate its structural performance,
especially to predict its long-term behavior under extreme
loading conditions that beyond the design standards [1, 3,
4].

Fig. 2: Lateral resisting system of Shanghai Tower [2]
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These models, even if well formulated based on highly
idealized engineering drawings and best engineering
judgements, may not accurately represent all mechanical
and dynamic aspects of the structure, such as the material
properties, boundary conditions and rigidity of nodes [5]. A
significant discrepancy in terms of the dynamic
characteristics between the actual building and the
numerical model may exist due to large amount of
uncertainties. Especially, for super tall buildings like the
Shanghai Tower, more uncertainties and errors that are
associated with the complex structural arrangements would
be introduced into a more detailed FE model. Therefore, it is
essential to conduct an output-only operational modal
analysis (OMA) for this super tall building to identify its
dynamic properties in real operation conditions with
unknown excitation inputs (e.g., wind loads and live loads)
[6], and then use the obtained information to tune and
update a preliminary baseline FE model until the level of
errors induced by the initial modeling is minimized. This
procedure is normally called the FE model updating and the
aforementioned OMA refers to an ambient vibration (AV)
test.

In this paper, first presented is the full-scale ambient
vibration (AV) test of the Shanghai Tower within the
framework of a research project collaborated by the
University of British Columbia (UBC) from Canada, Tongji
University from China and the owner of Shanghai Tower. The
field test was conducted at the final stage of construction of
Shanghai Tower, aiming to identify the dynamic
characteristics of this unique super tall building. This is
followed by the development of an initial FE model of the
Shanghai Tower based on the macro beam theory [7]. Next,
a sensitivity-based automatic model updating is carried out
by using the extracted modal properties from the AV test.
Finally, results are discussed and the concluding remarks
are presented.

2. OPERATIONAL MODAL ANALYSIS OF SHANGHAI
TOWER

AV tests took place on May 8", 2015 by a joint research
team from UBC and Tongji University when the building was
under final stage of construction. The whole test included
two pre-setups (Setup X and Y) and four main setups (Setup
A to D). The pre-setups (also refer to the collocation tests)
were firstly conducted outside of the building to ensure that
the internal clock of all the sensors were synchronized to a
uniform time using GPS signals in the open air. Structural
vibration sensor called TROMINO was used to carry out the
AV test of Shanghai Tower [8]. Either GPS or Radio could be
used to ensure synchronization between sensors. For this
test, however, none of them were applicable since the signal
was blocked by multiple building floors. Therefore, raw data
collected by TROMINO was converted by Grilla software
(provided by the developers of TROMINO) to a readable
format first, and then the synchronization was performed
manually via a MATLAB program and further refined in
GEOPSY software based on internal clocks of the sensors
[8-10].
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In total, eleven floors (highlighted in red) were tested
within four main setups, including all the strengthening MEP
stories with outrigger truss, the ground floor and the lowest
basement floor, as seen in Fig. 3. The owner of Shanghai
Tower gave permission of only one day to perform the test,
therefore additional floors or locations were not measured.
All the sensors were placed at the opposite corner of core-
tube in North-South (NS) direction in each floor due to
accessibility restrictions. One TROMINO instrument (S1)
was placed at a permeant location in the top floor (121F) as a
reference sensor for the whole testing day and the rest six
'roving sensors (S3-S8)" were moved in the sequential
setups, as illustrated in Fig. 3.
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Fig. 3: Detailed arrangement of the AV test
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Operational modal analysis was performed by using the
software ARTeMIS Modal V3.6 [11]. For this project, FDD and
EFDD were adopted and a simplified spatial representation
of the lateral resisting systems of Shanghai Tower was
established to visualize the corresponding mode shapes [6,
12]. FDD provides an efficient and quick manner for user to
obtain the dynamic properties of the structure by peak-
picking rules. As an extension of FDD, EFDD allows users to
identify the damping properties of the corresponding
modes.

In total, 9 modes below 1Hz and the corresponding
damping values were estimated (period range from 0.1s to
10s), including 3 pairs of translational modes and 3 torsional
modes, as shown in Fig. 4. It can be seen clearly that for this
highly regular and slender super tall building, translational
modes of each principal directions in each pair were closely
spaced. The fundamental periods of the Shanghai Tower in
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Fig. 4: Peak-picking of Singular Values of Spectral Densities



East-West (EW) and North-South (NS) directions are 9.38s
and 9.18s with the corresponding damping ratios of 1.734%
and 1.688%, respectively. The third mode is the first torsional
mode with a period of 4.68s.

3.DEVELOPMENT OF THE BASELINE FE MODEL

The development of a baseline FE model is a starting
point for updating. However, it is impractical to perform the
iterative model updating for a detailed FE model of super tall
building since extremely large number of elements and
degree of freedoms would require huge computational
workload. Therefore, in this study, a simplified lumped-mass
stick model of Shanghai Tower was established in SAP2000
based on the macro beam theory that accounts for the
effects of torsion, the story shear and bending deformations
[7].

In this initial FE modeling, a story was represented by a
macro beam member whose sectional properties, including
the moments of inertia, location of centroid, shear area, were
determined based on conventional beam theory. This
method could reasonably simulate the horizontal and
torsional vibration of super tall buildings with mixed wall-
column components. The three-dimensional (3D) baseline
FE model for Shanghai Tower is shown in Fig. 5. The model
consists of 145 beam elements, 425 nodes with six degrees
of freedom at each node. The translational and rotational
mass at each level was assigned as a lumped mass at each
story. A fixed-base assumption was made for simplification.
The estimated Young's Modulus ranging from 36,000MPa to
41,740MPa were used from Zone 9 to Zone 1 of the building.
APoisson'sratio of 0.2 was adopted for the whole model.
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Fig. 5: Baseline FE model of Shanghai Tower

The calculated natural frequencies of first nine modes of
the baseline FE model were listed in Table 1 for comparison.
From Table 1, an average of 26% difference in frequencies
was obtained between the measured data and the
computed results from the FE model, especially the
frequencies of torsional modes and higher translational
modes.

OMA Baseline FEM MAC
Modes| Frequency | Frequency | Diff. (%)
[Hz] [Hz] (%)
1 0.107 0.104 -2.43 71.7
2 0.109 0.104 -4.37 64.7
3 0.214 0.347 62.19 88.1
4 0.319 0.389 21.97 85.1
5 0.325 0.390 19.85 84.9
6 0.461 0.644 39.74 70.7
7 0.661 0.881 33.24 70.4
8 0.672 0.887 31.97 76.0
9 0.735 0.983 33.77 40.1

Table 1: Comparison of OMA and FEM results

4.FE MODEL UPDATING

A sensitivity-based FE model updating was conducted in
this study with the aim to improve the analytical FE model for
further dynamic analysis. The principle of this iterative
method includes the calculation of the sensitivity matrices
based on the selected target responses and structural
parameters, and the formulation of the updated parameter
vectors in each iteration [13]. The FE updating was
performed by using the specialized FEMtools software
where both the baseline FE model of Shanghai Tower and
the obtained modal analysis results from AV test were
imported into FEMtools [14]. The main updating procedure
included three aspects: 1) correlation analysis, 2) sensitivity
analysis for selection of updating parameters, 3) automated
model tuning, as discussed in the following section.

To correlate the results between baseline FE model and
OMA model, the modal assurance criterion (MAC) whichis a
correlation criterion in statistics was used in mode paring.
The correlation of dynamic properties for the first nine modes
were presented in Table 1. All modes were well correlated
with a minimum MAC of 0.7 except for the 2™ and 9" modes.

Selection of appropriate responses and updating
parameters is the most important step to achieve a
satisfactory model updating. However, it is difficult to decide
which parameters of structural components in the FE model
are preferred, and it is unrealistic to modify many physical
parameters piece by piece. Therefore, in order to select
proper variables and improve the updating efficiency, it is
necessary to carry out the sensitivity analysis. Initially, all the
possible uncertain parameters should be included, but
parameters with low sensitivity should be eliminated before
updating to achieve high efficiency [15]. Uncertainties in
structural modeling are typically associated with material
properties, section parameters and boundary conditions.
For the baseline FE model of Shanghai Tower, the mass
density (p), Young's Modulus (E) and cross-sectional area
(A) of all local macro beam elements were selected for
sensitivity analysis. Torsional stiffness (J) about vertical
direction was also selected since large dispersion was
observed in all three torsional modes. The uncertain bending
moment of inertia (I, and |) about two translational directions
were also taken into account for sensitivity analysis. In total,
90 most significant "global" parameters were studied with
sensitivity analysis [14].
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Fig. 6 shows the sensitivity matrix of bending moment of
inertia in two principle directions. Physical meanings of
selected parameters were well presented that both |, and |,
have no effects on the torsional modes. It can be
demonstrated that Shanghai Tower is a highly regular
structure regardless of its outer rational fagade since I, and |,
only affect modes in its principle directions, namely EW and
NS, respectively. In the meantime, all frequencies were not
sensitive to changes of |, and |, in Zone 8 and Zone 9.
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Fig. 6: Sensitivity matrix of bending moment of inertia

Table 2 summarized all the parameters for updating by
removing all the insensitive ones. Physically realistic upper
(+25%) and lower (-25%) limits for these parameters were
estimated and also tabulated in Table 2.

Allowed Allowed Average
Parameter decrease (%) | increase (%) | change (%)

p -30 30 +15.0

E -25 25 -8.2

A -30 30 +19.3

Ix -25 25 -6.4

ly -25 25 5.4

J -30 30 -25.0

Table 2 Parameters selected for model updating

Automatic updating was carried out using the FEMtools
program and converged within 10 iterations with minimum
improvement 0.01% between two consecutive iterations.
Fig. 7 presents a three-dimensional plot of MAC matrix after
updating. Better MAC values were obtained and significant
improvements were achieved for the 2™ torsional modes
where the MAC increased from 70.7% to 81.9%. All the other
modes also have a reasonable match with over 60% MAC
values except for the 9th mode. This can be considered as
an acceptable result considering the coupled torsional
mode and local modes in the real structure, as well as the
limited number of sensors for this super tall building. A
summary of the final results is shown in Table 3. The average
absolute difference of frequency is 4.4% after updating and
the largest value 8.48% is below 10% error, indicating the
success of the updating.

The parameter changes after updating could be found in
Table 2. For the baseline FE model of Shanghai Tower, there
is a decrease for all the stiffness related parameters. For
instance, the torsional coefficient J was reduced by almost
25% in average from Zone 1 to Zone 9. More specifically,
17% decrease was found for Zonel, Zone 7-9, and 25%
decrease was made for Zone 2-6. Smaller reductions in
Young's Modulus E and moment of inertia for two directions
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Fig. 7: MAC correlation after updating

were identified. On the other hand, since overall the periods
of baseline FE model were smaller than the measurement
results, mass related parameters were increased after
updating, including the mass density p (+15%) and the
cross section area A (+19%), respectively. Considering the
lower and upper limits to the above mentioned parameters,
the results are physically realistic.

OMA Updated FEM
Modes | Frequency | Frequency | Diff. MAC
(Hz) (Hz) (%)
1 0.107 0.102 -3.96 77.8
2 0.109 0.103 -5.12 64.6
3 0.214 0.228 6.71 92.4
4 0.319 0.332 4.03 85.3
5 0.325 0.334 2.67 81.8
6 0.461 0.465 0.97 81.9
7 0.661 0.717 8.48 711
8 0.672 0.724 7.75 75.9
9 0.735 0.735 -0.02 52.0

Table 3 Results of automated FE model updating

In the end, the graphical comparison of all nine mode
shapes of updated FE model and OMA model was shown in
Fig. 8. From this figure, and the calculated MAC values and
frequency differences, it is evident that the updated FE
model is very close to the counterpart of the full-scale AV test
of the Shanghai Tower.

5.CONCLUSIONS

This paper presented a comprehensive study of the
ambient vibration test, finite element modeling and model
updating of the tallest building in China, the Shanghai Tower.
The full-scale field test was carried out by a joint research
team from UBC and Tongji University, aiming to assess the
dynamic characteristic of the structure at its final stage
completion and provide useful information to calibrate the
FE model for further dynamic analysis. Operational modal
analysis was performed to identify the first ten modes and
the corresponding damping ratios below 1Hz by using the
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Fig. 8: Comparison of mode shapes between updated FE model and OMA
model

FDD and EFDD techniques. As low as 0.107Hz fundamental
mode was obtained in EW translational direction, and a
closely spaced 2™ mode of 0.109Hz was identified in NS
direction. A period of 4.7s was determined as the 1* torsional
mode with a damping ratio of 0.86%. In general, Shanghai
Tower behaved as a highly regular high-rise structure even
though complex lateral force resisting systems and
sophisticated architectural appearance were designed.

An initial FE model of Shanghai Tower that accounted for
the torsional effect and shear deformation of mixed
column/wall flexible high-rise structure was first developed
on the basis of the design information. Six key parameters
were then selected for updating based on the sensitivity
analysis with physically reasonable upper/lower limits.
Eventually, the automatic iterative model updating was
successfully carried out. An average of 4.4% difference in
frequencies of all nine modes was achieved between the
updated FE model and the testing results. Good correlation
of nine mode shapes and the corresponding MAC values
were obtained both numerically and graphically. All
parameter changes were within their physically acceptable
limits and the updated FE model provided essential
information for further nonlinear dynamic analysis and
assessments under other loading conditions.
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Analysis of the concept: Seismic Resilience
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Abstract: Seismic resilience can be achieved by reducing
the probabilities of failure of a system during an earthquake,
as well as reducing the consequences of such failures and
their recovery time. This paper explores the resilience
concept doing afirstapproach fromthe psychology field and
then from the mechanics of materials. The characteristics
and elements of seismic resilience are defined and the
mathematical functions that describe the behavior of the
phenomena of resilience are analyzed, a special emphasis is
done on recovery time as key element of resilience and its
quantification, finally some proposal designs based on
resilience are presented.

1.INTRODUCTION

Throughout history society has always faced major
disasters of natural and anthropic origin. With the evolution
of society and the development of new communities with
increasingly complex organizational, political-economic and
infrastructure systems, to be prepared and be able to
recover in an optimal way in short periods from
contingencies and sudden changes in the conditions of
communities, has become a great necessity.

In the World Conference on Disaster Reduction held in
Kobe, Japan in 2005, the importance of including the
concept of resilience in the response context to natural
disasters was confirmed. However, resilience is a broad term
that is used in many disciplines with similar definitions,
adaptedto eachresearchfield.

The Rockefeller Foundation started in 2013 the 100
Resilient Cities program 700RC, which objective is to
encourage the adoption of urban resilience programs in the
great capitals of the world, so they can be able to respond in
a more adequate way to natural disasters and social
problems.

Mexico City was one of the first members of the 100RC
and in November of 2015 hosted the Second Global
Resilience Directors Summit, with the objective of sharing
experiences, strategies and activities that have been carried
outin other cities of the network to achieve resilience.

In Mexico as nation, due to its geographical location it is
of special interest for civil engineering the analysis of the
concept of resilience from a seismic approach since these
kind of natural events have had the greatestimpact along the
country.

2.RESILIENCE IN SOCIAL CONTEXT

Blascovich (1996) indicates that since the 90s, a
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considerable number of publications that seek to describe
characteristics and conditions of resilient individuals in
diverse social, economic and health situations have been
made.

Luthar and Cicchetti (2007) define resilience as a
dynamic process where individuals show a positive
adaptation despite experiences of significant adversity or
trauma, they also point out that the term does not represent a
feature or attribute of the subject's personality rather is a two-
dimension construction that implies the exposure to
adversity and the manifestation of positive results.

Other authors such as Manciaux et al. (2003) do not
restrict the concept only to individuals and define it as the
capacity of a person or group of people to develop correctly
to continue projecting themselves into the future despite the
destabilizing events, hard life conditions and severe
traumas.

Three phenomena are distinguished in social resilience:

+  People under arisk situation show results that succeed
the expectative;

+ Positive adaptation continues despite the presence of
stressing experiences and;

+ Thereisagoodrecovery fromtraumas.

The relation between social resilience and the mechanics
of materials was first established by Bowly (1192) who used
the concept, strength of a material, figuratively and defined it
as a moral spring or elastic, a person who does not
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Fig. 1: Stress-strain diagram of a ductile material



discourage, that does not give up.
3.RESILIENCE OF A MATERIAL

The strength of a material depends on its capacity to
withstand a load without excessive deformation or failure.
This property is inherent in the material itself and must be
determined by experimentation (Hibbeler, 2011).

Compression and stress tests in materials are the most
common, the results are translated into stress-strain
diagrams, where the ordinate axis corresponds to the stress,
obtained from dividing the applied load (P) by the area (4) of
the initial cross-section of the material.

6]

The abscissa axis correspond to the strain (¢) and which

is result of dividing the length change () by the initial length
ofthe sample (L).

~l

2

It should be noted that the obtained diagrams from
identical samples of the same material will never be identical
due to several factors that influence the tests. In figure 1 it is
showed the typical stress-strain diagram, of a ductile
material.

Figure 2 highlights the elastic region of a stress-strain
diagram which is limited by the proportional limit. In this
region materials have the capacity to recover their original
dimensions once the applied loads are removed. A linear
relation is presented between stress and strain, this
phenomenon is known as Hooke's law and mathematically is
defined as:

6 = FEe

3)

The variable (E) depends on each material and

represents a proportionality constant called modulus of
elasticity or Young's modulus.
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Fig. 2: Elastic region of the diagram

It is identified as deformation energy to that which is
stored by the material due to the deformation caused by
external loads. It is in the elastic region where the materials
resilience appears and it physically represents the ability of
the material to absorb energy without permanent damage on
it (Hibbeler, 2011).

The resilience modulus (v) of a material can be
expressed by the next equation:

ur=l :1— G[”Z
2 2 FE

G,€)

“

Where o, and ¢, are the stress and strain under the
proportional limit and E'is the modulus of elasticity.

Riley (2001) defines the resilience modulus as the
maximum deformation energy per volume unit that a material
will absorb without inelastic deformation.

In the field of pavement design, the cyclic nature of the
loads acting on the different layers of the pavements
generates elastic or resilient deformations, where the
materials recover their original thickness, and plastic
deformations. Resilient deformations are of instantaneous
recovery while plastic ones remain when the loads have
ceased. Under the action of mobile loads the deformation
accumulates but decreases with each cycle until it is almost
null in the final ones, the sample can reach a point where all
the deformation is recoverable and is said that the material
has adopted a resilient behavior. The resilience modulus is
defined as the repeated deflection stress applied in triaxial
compression divided into the recoverable axial deformation.

4. SEISMIC RESILIENCE

In the seismic engineering field, resilience can be
achieved by reducing the probabilities of failure of a system
during an earthquake, as well as reducing the
consequences of such failures and their recovery time.

Bruneau (2003) points out that, a resilient system is only
the one that shows the following characteristics:

+  Reduced failure probabilities.

+  Decreasing of the failure consequences in terms of loss
of lives, damage and negative economic and social con-
sequences.

+  Shortrecovery time, recovery of a specific system or sys-
tems group to their normal operation level.

Resilience can be expressed as a function that indicates
the ability of a system to sustain certain level of functionality
or performance during a determined period.

100

0 } } -
b 4

Fig. 3: Schematic representation of resilience as a function of time
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Figure 3 shows the function in the range from 0% to
100%, where 100% represents an absence of damage and
0% a total loss of functionality of the system. The occurrence
of an earthquake with such magnitude that could reduce the
system's quality by 50% is assumed. It is expected that
restoration occurs from ¢, to t,, when functionality has been
completely recovered. Therefore resilience loss (R) can be
determined by the magnitude of the degradation over time,
mathematically defined by:

7= [4[100 - 0() ] di
©))

Recovery time is a variable with a high level of uncertainty
due to the factors that influence it, it usually depends on the
earthquake's intensity, but constructive methods and the
assignation of resources also modifies its behavior.

Cimellaro (2010) proposes different functions (linear,
trigonometric, and exponential) that can approximately
represent recovery time and describe how well prepared is a
system to any contingency.

Lineal function is the simplest and is usually used when
there is not enough information about resources assignation
to the system's recovery or about the response of society
(Fig. 4).

sl

-

Functionality Q(t) [%]

Fig. 4: Function of time of linear recovery

If social response and recovery process are imitated by
the amount of resources or lack of organization, a
trigonometric function is used (Fig. 5).

Functionatity Qi) [%]

Fig. 5: Function of time of trigonometric recovery
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Exponential functions can represent a recovery process
with an initial generous resources flow where its speed
decreases as the process ends.

Exponential recovery
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Fig. 6: Function of time of exponential recovery
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Bruneau and Reinhorn (2006) establish that resilience of
physic and social systems consists of 4 properties or
dimensions.

+ Robustness: strength, or the ability of the elements, sys-
tems and other analysis measures to withstand a deter-
mined level of stress or demand without degradation or
functionality loss.

+ Redundancy: the extent to which elements within a sys-
tem exist that can be replaced in case of disruption, deg-
radation or loss, without it fail to function properly.

+  Resourcefulness: the ability to identify problems, priori-
tize and mobilize resources when existing conditions
threaten to disrupt any element function, it can also be
conceptualized as the ability to assign resources (mon-
etary, physical, technological, computer or human) to
the recovery process in order to achieve stablished

goals.
+ Rapidity: the capacity to recover optimal functionality in
the shortest possible time.

Figure 7 shows a representation of figure 3 with an addi-

Quality ¢
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Fig. 7: Tridimensional resilience representation



tional dimension which represents the resources assigna-
tion and its impact in the recovery time of the system.

Redundancy can be represented as a system formed by
a group of several elements with similar functions inside a
specific geographic area (Fig. 9), though, links between
these elements may be systems with distinct nature, such as
the case of a healthcare network where hospitals are con-
nected by the roads and highways community network,
hence seismic resilience of the healthcare network largely
depends onthat of the roads and highways system.

Seismic resilience can be divided into resilience of struc-
tural elements and of non-structural elements, for practical
purposes both can be grouped under the integrity concept.
Figure 8 presents different integrity loss levels, each one por-
trays an affectation level of the distinct elements.
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Fig. 8: Resilience defined by integrity
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Level 1 shows a small integrity loss where damage to the
aesthetic of the building but not to the structure can be
assumed, level 2 indicates the collapse of the structure,
between both levels can exist many damage states (3).

Itis also shown that over time restoration can reach lower

or higher levels of seismic performance than the initial the ini-
tial one depending on the type of repairs or improvements
added.

Fig. 9: Resilience as a concept of 4 dimensions applied to a healthcare network

5. QUANTIFICATION OF SEISMIC RESILIENCE

Bruneau and Reinhorn (2007) stablish as resilience
quantification method the use of tridimensional bell-curves

that in 2D form can be seen as isoprobability curves, inside
an orthogonal space delimited by soil pseudo-accelerations
and the inter-story drifts of the structure, this concept is
known as Sliding an Overlaid Multidimensional Bell-curve of
Response for Engineering Resilience Operationalization in
an Orthogonal Limit-space Environment, SOMBREQ in OLE,
inside OLE service and failure limit states are set, therefore,
the probability of the structure to exceed a limit state can be
calculated as the volume of the area under the curve which
surpasses the line of a specific limit (Fig. 10).

There are two response cases, there first one is a linear-
elastic response that can be translated as no significant
intersections between isoprobability curves and limit states
that can represent damage to nonstructural elements. It is
expected that the magnitude of intersections increases with
the earthquake return period.

In the second case exists a nonlinear-inelastic response,
it differs from the first one because in this one exists
structural damage, with the SOMBRERO in OLE concept
resilience can be quantified since there exist significant
intersections, as the last case it is expected that the
magnitude of the intersections increases with the
earthquake return period. It must be considered that the
occurrence of consecutive earthquakes affects
considerably the probability of exceeding limit states.
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Fig. 10: SOMBRERO in OLE and limit states

Fragility curves, function of the threat that an earthquake
represents, are used to express the probability to reach a
limit state. Figure 11 shows the probability of exceedance in
50vyears before ¢_and after 7., an earthquake.
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Fig. 11: Fragility curves of a structure
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Resilience quantification is a valuable resource that must
be handle with care and interpreted correctly. The value
obtained from the resilience loss with equation 5 can be
interpreted as an area under a curve, figure 12 displays two
areas with identical magnitude, however, both have a
completely distinctimpact on the structure performance, the
first one shows a total loss of functionality during a short
period (a), the second presents a small reduction but for a
long time (b), this does not mean that the calculated value is
incorrect but itidentifies resilience as a "non-linear concept".

Functionalty (O)
Funclionaity ()

-2
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Fig. 12: Resilience non-linearity

For each system functionality loss is differently
perceived, in the case of service providers, they prefer a
scenario in which the number of affected users is the
minimal. On the other hand, users prefer a case where all
lose the service for a short period than be part of the unlucky
relatively small group that loses the service for a longer one.
Recovery cost is again an important factor since for some
systems recover functionality from zero has a higher
economic impact than recover it slowly from a minor
damage that is the case of a healthcare network.

6. DESIGNS BASED ON SEISMIC RESILIENCE

According to An and He (2016) there are two methods to
improve the resilience of structures, the optimization of the
structural system, which includes the design of the
components and its set up, and the implementation of
isolation and energy dissipation devices.

The first option is useful when the structure has "weak
layers", since modifications can be done without significant
alterations to the system's functionality and with a good cost
control, however, when the structural system is simple and
there are only few elements, optimization in limited.

Isolation and energy dissipation devices are additional
components that absorb seismic energy and reduce
vibration and deformation of the main structure, as an
advantage, they can be replaced in short time after failure.
When a structural system cannot be optimized this is an
efficientway to improve seismic resilience.

Hogg (2015) mentions that since 2011 a considerable
number of buildings that illustrate the different available
resilience technology have been constructed in New
Zealand. The implemented elements in many structures
include:

+  Concave friction slider base isolation.

+  Pre-stressed ring-fedder hold down springs.

+  Compression andtensionyielding energy dissipaters.

+  Compression and tension yielding buckling restrained
braces.

22 Journal of SEWC

+ Replaceable frame shearlinks
+ Sliding frictionjoints.

After Canterbury earthquake in New Zealand in 2011
communities as Christchurch and Nelson were severely
affected. As part of restoration works of the Knox Church in
Christchurch, a system of plug and play energy dissipaters
was implemented at the base of the rocking buttresses (Fig.
13) in such way they could be easily replaced if they were
damaged.

Fig. 13: Plug and play energy dissipater on the base of a buttress
Other devices like lead rubber base isolation bearing are

more common in many buildings around the world due to
their good performance and low cost (Fig. 14).

Fig. 14: Lead rubber base isolation bearings in the second floor of the Mexico-
Puebla highway

7.CONCLUSION

Initially as a characteristic of the materials, the concept of
resilience has adapted to many disciplines, nevertheless, in
all of them it describes positive phenomena to adversity
situations.

Seismic resilience is a concept that seeks an adequate
response of buildings, through specific characteristics such
as robustness, redundancy, resourcefulness and rapidity, to
earthquakes; minimizing damages and their consequences
as well as the recovery time of these, which plays a
significant role in the quantification of resilience and that is
widely affected by conditions of the community where the



building is located.

Despite being a useful concept, the result of resilience

quantification must be interpreted properly due to its non-
linear nature and the different way it affects the systems.

With the technological development, structural design

based on seismic resilience has become possible, resorting
mainly to the optimization of structural elements and its set
up or to isolators and energy dissipaters, these designs can
be adapted to existing infrastructure to improve its seismic
behavior.
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Ancient building material is re-engineered

years as it is a very durable material. Researchers
are now trying to produce a material based on cod
with increased thermal insulation. The project is led by
Steve Goodhew, professor at the University of Plymouth.

3 uildings made of cob have survived thought the

The new material is called CobBauge (a name that
combines English and French words).

The first part of the project which will finish in the end of
March, 2019, includes research on how to increase cob's
ability to trap heat inside structures. To achieve this,
researchers have used 2 grades of cob: A lightweight
version with good insulating properties and a stronger
versiontoincrease the material's total strength.

"What we're doing is taking a robust vernacular material
and bringing it right up-to-date. While what we have come
up with is without a doubt a modern interpretation of cob,
we hope it will satisfy both the traditionalists, and those
looking for a hi-tech, energy-efficient material. As a result
of this research, we can say there is no reason why cob
cannot be used to build modern houses that meet the
latest standards," Goodhew said.

According to the European Union, CobBauge can
significantly reduce the demand for heating and cooling
of buildings, a fact that is important to meet the climate

goals Europe wishes to achieve. Moreover, the
production and usage of cob will greatly reduce CO,
emissions and construction waste in comparison with
traditional masonry materials.

The team's next target is to build one or more structures
with this material to test its performance in real scale.
"Here we'll be studying real CobBauge buildings, subject
to real environmental conditions over a prolonged period
to investigate in-situ thermal performance, humidity,
particulates, the presence of volatile organic compounds
(VOCs) and related energy use," researcher Jim Carfrae,
stated.
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Spline arch — A pneumatic Chamber system
applied in a temporary membrane structure

Abstract: This work is about the feasibility of using slender
elements combined with pneumatic chambers as support
structural elements in temporary membrane structures
applications.

Spline term in this work refers to those straight and
slender elements that are bent to form a continuous spatial
curve and identical moment of inertia (second moment of
area) about any axis perpendicular to its centroidal axis. It is
common to use arches as supporting elements in
membrane lightweight structures. There are very few
applications of spline elements combined with membranes
in medium — large span structures. Applications in small
spans are more common for example in camping tent
systems where spline elements are stiff enough to take
external forces. For medium (16 — 32 m) span structures it is
common that spline elements need in-plane bracing
systems formed by masts and cables, in order to increase
stiffness and strength properties to be able to bare real
external forces (wind or snow). It is included the use of
pneumatic chambers instead of mast-cables system in
order to make spline arches stiff enough to withstand real
external forces.

1.INTRODUCTION

It is very important to design and develop structural
systems as simple and lightweight as possible in order to be
environmentally friendly. This work is intended to be another
step in the structural engineering field in terms of lightweight
structures development. There are actually some structural
applications involving spline elements combined with
compression and tension (mast-cables) elements used in
lightweight membrane structures in order to develop stiff
enough and force resisting systems to solve supporting
frame components. There’s theoretical and experimental
knowledge about pneumatic chambers or cushions used in
structural engineering and it is the idea of this work to use itin
order to develop this hybrid spline-pneumatic chambers
structural element.

The aim of this work is to evaluate the feasibility of the use
of pneumatic chambers as a real alternative being
implemented in spline elements in order to make them stiff
enough to withstand buckling and to resist forces arising
from pre-bending erection stresses and from real loading
conditions.

The hypothesis of this work is that "Implementation of
pneumatic chambers in specific zones of a spline element
generates stable arch support system for medium-span
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temporary deployable membrane structure".

An analytical case study is developed. The solution of the
structural system and demonstration of the stability, applied
to 16 m span membrane structure supported by spline arch,
are expected results. It is also included a proposal of the
election process.

2. SPLINE STRUCTURAL SYSTEMS (FROM DESIGN
TO ERECTION PROCESS)

The term '"spline structure" is adopted in this work,
Adriaenssens (2000), to describe those structural elements
that initially are straight and then bend into a spatial
continuous curve having an identical moment of inertia
(second moment of area) about any perpendicular axis to its
centroidal axis. Such an element gets special importance
when it is considered in the main structural supporting
system of membrane structures because of some
advantages listed below:

+  Lightweight.

+ Usable as apart of the erection process and then keep it
as structural supporting system element once the struc-
ture is operating normally.

+ The ability to take a different shape depending on the
construction stage because of its flexibility.

+  Combined with bracing systems, it can provide enough
stiffness to the system in order to be capable to bare
externalloads like wind or snow.

+ |t can be extremely slender because it is continuously
restrained from buckling by the membrane.

Some special properties need to be fulfilled by spline
elements. Firstly, it needs to be flexible enough in order to be
curved and keep deformations into the elastic range, this
flexibility deals with material and geometry properties of the
section. Once it is bent into the final shape, it has to resist
forces arising from loading conditions (wind or snow), and
finally it has to be stiff enough to withstand buckling. In this
thesis the main aim is to propose a hybrid system composed
by spline element plus pneumatic chambers inplane bracing
system providing additional bending stiffness and
demonstrating the feasibility of its use it in real medium span
projects.

ASTM A-36 Steel, aluminum, bamboo, GFRP and CFRP
were evaluated, see table 1. Adequate materials for
bending-active structures offer a ratio of o/E < 2.5. Steel is
not adequate for bending active structures.



When some members or the entire structure reach yield,
ultimate strength, fracture, collapse or exceed specific
maximum deflection, it is considered that structures can fail.
Buckling refers to an event where a structural element
subjected to compression forces deviates from a behavior of
elastic shortening within the original geometry undergoing
large deformations involving a change in shape for a very
small increase in load. There are many other forms of
instability that are generally also referred to as buckling.
Lateral — torsional buckling is out of plane buckling
phenomenon, but it is considered in this thesis that pre-
stressed membrane gives lateral bracing to be stiff enough
toavoidit.

An open source script written in grasshopper for rhino as
a tool to obtain the shape of "the elastica'is used in this
thesis. The script is based on the work of M. E. Pacheco "The
elastic rod", where the differential equation is solved exactly
interms of Jacobi s elliptic functions finding the solution with
an iterative method, varying some parameters of the elliptic
functions.

In this work, the concept of pneumatic structure is
adopted to those flexible membranes that derive their
stability from air pressure.

There is a large variety of materials which can be used in
pneumatic structures that depend mainly on the size of the
project. For small structures, natural (cotton) or synthetic
membranes are used. For large scale projects, stronger
membranes materials are used, such as glass fiber, nylon or
polyester, protected by a Teflon or vinyl layer. In large,
permanent structures, such as stadiums, the best choice is
regularly glass fiber with Teflon, although it is inflammable, it
presents less deformability.

The larger the structure gets, the larger the tension to
which it is submitted, which forces us to add a cable system
totransfer tension and force to specific points. There are also
two general types of pneumatic structures, depending on
how they are inflated.

Air supported (low pressure systems)

Airinflated (high pressure systems)

The design process of tension structures, including air
support systems, can be divided into three subprocesses,
form finding, structural analysis and cutting pattern
generation. The result of form finding subprocess is a shape
of equilibrium for a certain stress distribution and boundary
conditions. Then from this geometry, structural analysis is
developed and cutting pattern is made. It is common in
practice to separate and not interact these three
subprocesses and it leads in built structures to highly
inhomogeneous stress distributions that can be seen in
wrinkles and measured in stresses that are bigger than
required. An enhanced design concept is based on 5 steps:
defining the shape of equilibrium (form finding), generating
the cutting patterns, reassembling and pre-tensioning the
cutting patterns, structural analysis of reassembled
structure and evaluation of structural behavior.

Structural analysis process deals with material
properties, forces considerations, and geometrical
modeling assumptions. The hybrid system implies a

pneumatic part, spline arch, and cables. Specially designed
software (EASY) is used to develop form and statical analysis
for pneumatic chambers coupled with spline arch in this
chapter. Dlubal RSTAB software is also used to make section
assignments and results interpretation easier.

The form-finding process was carried out with EASY
software using force density method. In the volume form-
finding module, it is considered that the net is generated by
force densities either inner pressure or volume. The main
attributes in EASY that control pneumatic structures are:
volume (V), pressure (P) and temperature (T). Relations of
those attributes are governed by Boyle-Mariotte law.

In chapter 2, it was decided to use Glass Fiber
Reinforced Plastics (CFRP) pipe for the spline arch element
because its properties fit very well on spline structure needs
in terms of modulus of elasticity (E = 165 Gpa), allowable
stresses (oM = 2800 MPa), low weight (Vol. Weight = 24.9
kN/m°) and resistance to corrosion. Section diameter of the
pipe is 90 mm and wall thickness = 5 mm.

For the cable element, it is considered to use galvanized
steel with a modulus of elasticity E = 160 GPa, and Vol.
Weight = 80 kN/m®. 13 mm diameter cable was considered.

In the case of the membrane that will be used for
pneumatic chambers, PVC coated polyester fabric (Ferrari
Precontraint 502) is considered. It is common that warp
direction is a little bit stiffer than weft direction with different
modulus of elasticity E ., = 0.8 MN/m, E ., = 0.6 MN/m,
assuming cross stiffness E . = 0.3 MN/m and shear modulus
E . = 0.03 MN/m. In terms of weight, 550 g/m® and 0.6 mm
thickness was used.

Once properties and sections are assigned to the model
there are considered realistic loading conditions in this work.
In LOAD CASE 1, self-weight + pre-stress (1 kN/m) is
considered. Forwind loading itis supposed a basic pressure
p = 0.5 kN/m* acting in three different attack angles 0
degrees, 45 degrees and 90 degrees, so LOAD CASE 2: self-
weight + pre-stress + Wind ..., LOAD CASE 3: self-weight
+ pre-stress + Wind and LOAD CASE 4: self-weight
+ pre-stress + Wind g uegcee-

Because it is not possible to model tension membrane
structure + pneumatic spline arch in EASY software it was
necessary firstly to model supported membrane without
spline arch, then calculate reactions under load cases
described before and finally load spline arch model with
those previously calculated reactions.
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Figure 1: Membrane model (front elevation and perspective view), to evaluate
loads in arch (Beam module, EASY software)
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Figure 2: Final geometry components hybrid system (Beam editor, EASY
software).

Most of the times special analysis considerations in
models have to be reflected in structural detailing process.
There are so many ways to connect structural elements in
models and results from one way or another can be
substantially different, for example if in the model it is
supposed that the arch is moment released in one direction
and not released in another one, in the support nodes, it is
needed to take into consideration physically in fabrication
process and connections details must be defined. It is
intended to propose basic drawings and connection details
of the mostimportant parts of the system.

Erection process is one of the main reasons of the
development of this work because it was inspired in the
advantage that spline structures represent to the fast
installation process. Transportation of materials is
considered to be easy and short space required, it is
considered the maximum length of CFRP pipes = 2.04 m,
then system is composed of 7 pipes of 2.04 m length and 2
pipes of 1.49 m. The first step is to put all pipes in the ground
and attach themtogether.

Once 9 pieces of pipes are joined together (see section
4.3 for connections and details), the next step is to put
special connections at the beginning and ending pipes to
connect a cable and induce axial forces and produce
buckling on spline element (total length = 17.26 m). When
spline element is buckled enough, supports must be fixed in
the ground and a security cable must be attached to avoid
uncompressing of spline element. The next step is to
connect special aluminum profiles proposed to attach
pneumatic chambers and fabric layer. Now it is the moment
to attach non-inflated pneumatic chambers on the correct
position to start inflation process. When pneumatic
chambers are inflated then inferior chord cable and vertical
truss elements must be connected to provide the system
enough stiffness to be able to attach membrane and start
erection process.

Figure 3: Hybrid system ready to attach membrane (erection process)

3.CONCLUSION

Real wind loading conditions have been considered
during the development of this work in terms of a constant
pressure of 0.5 kN/m?. This value is a good approach of an
average value in Mexico talking about temporary structures.
It is demonstrated the feasibility of the use of the pneumatic
system to increase the stiffness of the spline element from an
analytical point of view considering a convergence criteria to
evaluate the stability of all the structure.

Because of software tools (used in this work) limitations,
it was not possible to model both membrane cover and
hybrid pneumatic system together, and it was necessary to
assume spring support system in some nodes along the
spline arch to give lateral support effect provided by pre-
tensioned membrane. It is also not considered in the model
pre-bending stresses produced by initial buckling process
needed to get the "elastica" shape in the spline element. Pre-
bending stresses and pre-compression ones has been
considered in the analysis phase in chapter 3 as additional
stresses added to resultant forces acting on the system. The
use of some additional vertical truss members to control
stability of the system was necessary in order to reduce
deformations and to give additional bending stiffness to the
arch near fromthe supports nodes.

It is proposed in this work and erection process
sequence.

From the point of view of analysis modeling tools could
be improved and a wind tunnel simulation may have been
done to evaluate wind effects in a better way and pressure
distribution over the surface of the fabric cover. Different
heights should be tested to compare behavior results in the
analytical model. An experimental program for testing a real
scale model must be performed. Finally, a design process
must be developed under certain codes and standards to
regulate hybrid structures.
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Abstract: A high performance fiber rope made of twisted
aramid fibers is lightweight and has high strength in
comparison with general structural members such as steel
frames. Moreover, this fiber rope is easy to carry because it
has high flexibility. In this paper, the following two topics are
described to utilize the fiber rope for 'smart' structural
members. The first topic is to apply the fiber rope for the
seismic brace so that buildings can be easily reinforced in a
short period of time. One of important technologies is to
connect the fiber rope to the structural members for this
application. The connection fitting is studied to sufficiently
secure high strength of the fiber rope. Also, points to be
noted became clear at the construction stage when the fiber
rope is assembled to the connection fitting. The second
topic is the structural design and construction of a tensegrity
dome using the fiber rope for tension members. This is
expected to be used as a framework of temporary space
when a disaster occurs. The full size model with 3 meters in
diameter is fabricated and then the stress states are
analyzed.

1.INTRODUCTION

In recent years, demand for high performance fibers has
been expanded due to increased global needs for safety and
environment issues. The high performance fibers including
aramid fiber have excellent properties such as tension
strength, heat and chemical resistance, dimensional stability
and durability. Thus, the high performance fiber rope have
recently been used in many fields such as automobiles,
aircraft, and civil constructions.

We have researched and developed on practical
technologies in order to apply this high performance fiber
rope for building structural members utilizing the above-
mentioned features. In this paper, two topics, which include
the application for seismic brace and the full size model
fabrication of tensegrity dome, are introduced from our
various themes regarding to the practical application studies
onthe high performance fiber rope.

2. APPLICATION OF FIBER ROPE FOR SEISMIC
BRACE

A reinforcement of building is desired to restrict severe
earthquake damage. As shown in fig. 1, it has attempted to
apply the high performance fiber rope for the seismic brace
so that the building can be easily reinforced in a short period
of time. For this application, one of important technologies is
to firmly connect the fiber rope to the structural members of
the building. We have studied on a connection fitting
between the fiber rope and the structural members. Basic
requirements of the connection fitting are:

(1) Strength ensure

+ Tofirmly grasp so that the fiber rope does not slip out of
the connection fitting.

+ TJo maintain the original strength of the fiber rope in the
assembled state.

Structural
L~ member

Seismic brace

/fFiber rope
dE :
: Connection |
|1 fitting

,,,,,,,,,,,,,,,,,,,,,,

Fig. 1: Configuration of seismic brace using fiber rope
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(2) Construction workability

+ Toeasily assemble at the construction site.
+ Tobelightweight for easy handling.

2.1.Wedge Type Connection Fitting

A wedge type connection fitting, which is shown in fig. 2,
is selected to prevent that the fiber rope slips off the
connection fitting [1][2][3]. For the wedge type connection
fitting, the fiber rope is placed between the sleeve and the
wedge members of the connection fitting. Then, the fiber
rope can be gripped without slippage due to the wedge
effect.

Clevis bracket

Wedge member
Sleeve member
Fig. 2: Configuration of wedge type connection fitting

Tension tests are carried out using three types of fiber
ropes with nominal loads of 10 kN, 20 kN, and 50 kN, while
assembling them to the wedge type connection fittings
[2][3]. The fiber ropes are made of a mixture of p-
phenylenediamine (PPD) and 3.4- diaminodiphenylether
(8.4'-ODA), hereinafter referred to Technora' [4]. Fig. 3
shows the tension test results and fig. 4 is the break state of
the fiber rope. The tension ratio, Rt, indicates a ratio of the
assembly breaking load (i.e., the breaking load under the
state where the fiber rope is assembled with the connection
fitting) against the strength of the fiber rope itself.

st ’ (Original strength of fiber rope)
i<}
©
c ~ O
S 05 O
2 O
i)
10 kN 20 kN 50 kN

Fig. 3: Tension test results using wedge type connection fitting

Fig. 4: Breaking state of fiber rope

Therefore, 'Rt = 1' means that the assembly breaking
loadis equal to the original strength of the fiber rope.

The fiber ropes do not slip out of the connection fittings
for any cases. However, the fiber ropes are broken around
the tip of the wedge members inside the connection fittings.
The assembly breaking loads are approximately 50 % of the
fiber rope original strength. After analysis, it is found that the
fiber ropes are broken due to the stress concentration
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around the tip of the wedge members. To improve the
assembly breaking loads, itis necessary to reduce the stress
concentration in the connection fittings.

2.2. Optimization of Wedge Shape

Design studies are made based on experiments to
maintain the high strength which the fiber rope itself has [5].
First, the wedge shape (i.e., length and angle of the taper
portion) is optimized to improve the stress concentration. For
these experiments, the fiber ropes for 50 kN and 100 kN are
used. Here, the target is set to break the fiber rope outside
the connectionfitting (i.e., Rtis closeto 1).

Nom. Wedge Sleeve
. Break

Test | rope CQnSld. Taper | Taper |Taper |Taper | |49 Rt | Break.
no. | load | item |length |angle |length | angle [kN] [-] | place

[kN] [mm] | [deg] | [mm] | [deg]
1 65.9| 356 795| 3.02| 52.8( 1.07 |Outside
2 Taper 108.9| 3.55|140.0| 3.03|40.56| 0.82 | Inside
3 length | 128.9| 3.51|140.0| 3.03|22.96| 0.47 | Inside
4 (4294) Taper | 65.9| 1.65| 79.5| 1.30|25.52| 052 | Inside
5 angle 65.9| 265| 795| 2.09| 39.440.80 | Inside
6 Confir 659 356| 795| 3.02| 55.3|1.12 [Outside
7 659 356| 795| 3.02| 53.7|1.09 [Outside
8 659 3.78| 795| 3.06| 44.6|0.40 | Inside
9 Taper 108.9| 3.34|140.0| 3.07| 93.2|0.83]| Inside
10 (111%90) length [148.9] 3.36 | 140.0| 3.07 | 110.9] 0.99 | Inside
11 Taper | 65.9| 165| 79.5| 1.08| 24.6]0.22 ] Inside
12 angle 65.9 243| 795| 216| 70.1|0.63| Inside

Table 1: Tension test conditions and results

Table 1 summaries the tension test conditions and
results. Fig. 5 shows Rt for varied the taper lengths and
angles. The 50 kN and 100 kN ropes indicate different
tendency. For example, Rt increases according to the
increment of the taper length for 100 kN rope while Rt
decreases according to the increment of the taper length for
the 50 kN rope. This means that there is different optimum
condition for each rope.

Forthe 50 kN rope, the wedge shape under the condition
of the test no. 1 satisfies the target. This condition can be
optimum for the 50 kN rope. Two additional tests (test no. 6
and no. 7) were conducted under the same condition to
eliminate the influence of error and confirm the result. As
shown in the dotted circle plots, the rope breakage was
confirmed outside the connection fitting for either case.

No.6 and 7

P

No.1

N
O

Tension ratio, Rt

0.5 K

0
60 80 100 120 140 160
Taper length [mm]
(1) Varied taperength



No.6 and 7

&

0.5 f- o~

Tension ratio, Rt

1 2 3 4
Taper angle [deg]

(2) Varied taper angle

Fig. 5: Tension ratio, Rt, for varied taper lengths and angles

The all 100 kN ropes broke inside the connection fittings.
However, the condition of the test no. 10 should be optimum
for the 100 kN rope because Rt is closed to 1. Therefore, it is
thought that there is a suitable shape of the wedge around
this condition.

2.3. Surveys on Influence of Assembling Workability

Next, studies on the assembling workability of the fiber
rope and connection fitting are described. For the fiber rope,
the fibers are twisted into a bundle, and then pluralities of
twist bundles are knitted. The fibers are placed around the
sleeve hole, and the wedge is driven into the sleeve hole,
whereby the fiber rope is assembled to the connection fitting.
The influence of fiber rope end treatment when assembling
the fiber rope to the connection fitting is investigated. As
shown infig. 6, the following three disengagement states are
compared;

(1) Knitted state

Fig. 6: Various disengagement states of fiber rope end

(2) Twisted state  (3) Solvedstate

+ (1) The state where the fibers are still knitted and twisted,
hereinafter referred to 'knitted state'.

+ (2) The state where the fibers are not knitted but still
twisted, hereinafter referred to 'twisted state'.

+ (3) The state where the fibers are completely solved,
hereinafter referred to 'solved state'.

Tension test are conducted using the 50 kN rope for
investigating the influences of the rope edge treatment. The

O

-

Tension ratio, Rt
o
(6]
@)
O

0
Knitted Twisted
Fig. 7: Influences of fiber rope end treatment

Solved

wedge shape of the connection fitting is same as the above-
mentioned test no. 1. Fig. 7 shows the results of three
different states of the rope edge treatment. The strength
under the twisted state is higher than the strength under the
solved state. New knowledge that high strength is
maintained by leaving the twist of the fiber rope is obtained.

The fiber density should be uniform in the sleeve of the
connection fitting. However, there may be unevenness in
fibers while assembling. The influence of fiber density
deviation when assembling the fiber rope to the connection
fitting is also surveyed by comparing the break strengths
based on the varied fiber density biases. The rope, which is
used for the surveys, consists of 16 bundles of the twisted
fibers. The following three cases are tested. Here, the 16
twisted fiber bundles are uniformly or non-uniformly
arranged shown in fig. 8.

+ (1) The 16 bundles are evenly arranged.

¢+ (2) The 10 bundles are in one side and the 6 bundles are
inthe other side, hereinafter referred to 'bias 10:6'.

¢+ (3) The 12bundles are in one side and the 4 bundles are
inthe other side, hereinafter referred to 'bias 12:4'.

6

Ian_ches

(1) Even (2) Bias 10:6 (8) Bias 12:4
Fig. 8: Various bias states of fiber density
E —I ,,,,,,,,,Q ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
ie)
©
c O
S ©)
2 0.5 [
@
0 l l
Even Bias 10:6 Bias 12:4

Fig. 9: Influences of fiber density bias

Fig. 9 indicates the results for the fiber density bias. Test
conditions are same as the above-mentioned test no. 1. The
tension strength decreases when there is a bias in the fiber
density. Therefore, for preventing the stress concentration
around the wedge member, it is necessary to evenly arrange
the fiber rope bundle around the sleeve hole and to
accurately drive the wedge member in the center thereof.
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2.4. Weight Reduction of Connection Fitting

The material of the wedge type connection fitting
described above is steel. Aluminum is used to reduce weight
of the connection fitting. The friction coefficient of aluminum
is lower than the friction coefficient of steel. The fiber rope
made of p-phenylene terephthalamide (PPTA), hereinafter
referred to Twaron', is tested in addition to Technora rope
because Twaron rope has the higher friction coefficient
compared with Technorarope [4].

o
& 1
g O
©
5
205
c
@
0
Technora Twaron

Fig. 10: Tension test results using aluminum fitting

Fig. 10 shows the results for tension tests using the
aluminum connection fitting. The test conditions are same as
the above-mentioned test no. 1. The fiber rope pulled out of
the sleeve member because the friction coefficient was not
enough for Technora rope. On the other hand, Twaron rope
did not break inside the connection fitting and achieved the
target strength. The strength of Twaron rope was confirmed
by additional tests. By adopting aluminum for the connection
fitting, weight reduction of 77 % in the sleeve portion and 66
% inthe wedge portion compared with steel was achieved.

3. FULL SIZE MODEL FABRICATION OF TENSEGRITY
DOME USING FIBER ROPE

A structural design of the tensegrity dome using the high
performance fiber rope is studied through fabricating a full
size model. Because only the tensile force (i.e., no bending
force) is acted to the members in the tensegrity structure, the
entire structure can be simple and lightweight. We have
studied that the tensegrity structure can be used for the
structural frame of temporary space if a disaster occurs.
Since the high performance fiber rope has high tensile
strength, it can be used for tension members of the
tensegrity structure.

3.1. Small Model Fabrication of Tensegrity Dome

The tensegrity structure is composed of isolated
compression members which do not contact each other,
and tension members which are pulled by the compression
members. A systematic structural analysis for utilizing the
tensegrity structure has not been established yet. It is
necessary that complex geometries and forces of the
compression and tension members in the tensegrity
structure should be completely controlled to realize the
actual dome. Thus, a small model of the tensegrity dome is
fabricated to understand its fundamental regularity [6].

The small model of the tensegrity dome consists of
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Fig. 11: Fabrication process of small model

wooden struts (as compression members), kite strings (as
tension members) and rubber tubes (as connecting
members between struts and strings). The wooden struts are
200 mm in length and 8 mm in diameter. Fig. 11 shows
fabrication process of the small model.

+ (1) Notches of about 5 mm are put at both ends of the
strut. The kite strings with appropriate length are fixed at
the both ends of the strut as tension members by the rub-
bertubes.

+ (2) One end of the other strut is connected to the
approximately one-third position in the strut length.
Then, a pentagon shape is formed by connecting the
five struts.

+  (3) Atriangle shape is formed by the other end portions
of the five struts.

¢+ (4)(5) The pentagon and triangle shape are alternately
fabricated by repeating the above-mentioned pro-
cesses.

+ (6)(7)(8) The struts start to stand after the forces are
applied to the tension members. The struts are added
one after the other.

¢ (9) The last pentagon is formed and the tensegrity dome
is completed. The 30 compression members and the 30
tension members are used for the tensegrity dome,
respectively.

The following points were found out through the
fabrication of this small model.

+ Although each member can be easily connected, the
position and direction of the members are complicated.
Thus, they should be carefully considered.

+  The dome remains flat until the tension actually occurs.
Then, the dome gradually becomes three-dimensional
asthetensionincreases.

+ The dimensional accuracy of the kite strings (i.e., ten-
sion members) is very important for fabricating the
tensegrity dome. Thus, the connection members which



can adjust the length of the tension members are defi-
nitely needed. Also, the connection members are
required to reduce the twist of the tension members.

3.2. Fabrication of Full Size Model

Based on the experiences obtained from the small dome
model, a real size model (about 3 meters in diameter) of the
tensegrity dome is fabricated. A plastic pipe (length 2000
mm, outside diameter 32 mm, inside diameter 25 mm) is
used for the compression member, a fiber rope (diameter 4
mm) is used for the tension member, and a pipe cap (inside
diameter 32 mm) is used for the connection member,
respectively. The plastic pipe is made of polyvinyl chloride
and the material of the fiber rope is the above-mentioned
Technora. Since the high performance fiber rope is used as
the tension members, the dome can be constituted by thin
ropes. Fig. 12 is a conceptual drawing of the full size model.

(1) Plain view  (2) Front elevation
Fig. 12: Conceptual drawing

(8) 3D model

Fig. 13 shows the full size model and its fabricating
scene. Theoretically, there are no bending forces acted to
the compression members in the tensegrity structure. Since
the length accuracy of the tension members is insufficient,
however, the length errors are absorbed by the bending of
the compression members. The dimensional shapes of the
tensegrity dome are roughly confirmed for structural analysis
onthe basis of the full size model.

Fig. 13: Full size model and its fabricating scene

3.3. Structural Analysis

As can be seen from the fabrication of the small model,
the tensegrity dome does not stand when no tension is
applied to the tension members. The dome height gradually
increases as the tension force increases. Since the forces
acting to the compression and tension members change

complicatedly, no commercial software is available at
present to express and analyze this dynamic behavior. For
the first step, static structural analysis is carried out based on
the fabricated full size model. Elastic analysis is performed
using general-purpose structural analysis software. Table 2
shows the specifications of each member used for the
structural analysis. The modeling outline is as the follows.

+ The members are modeled as common beam ele-
ments. The analysis model has 120 elements and 60
nodes.

+  Thefulcrums are assumed to be pin support. Thatis, the
movement of the fulcrums is fixed in the vertical and hori-
zontal directions but can freely be rotated.

+ The nodes in the tensegrity dome are considered to be
semi-rigid joints. Therefore, the fiber rope characteris-
tics are approximated by assuming the nodes to be rigid
and multiplying the second area moment about Y and Z
axis by 0.1 in the section modulus.

+  Linear analysis is used for the structural analysis of the
tensegrity dome since it is designed within the elastic
behaviorrange.

Compression

Elastic modulus

2.80 X 10° N/mm?

member

Poisson coefficient

0.38

(Plastic pipe)

Relative density

1.40 X 10° N/mm?®

Elastic modulus

7.25 X 10* N/mm?

Tension member
(Fiber rope)

Poisson coefficient

0.30

Relative density

1.39 X 10 N/mm?

Table 2: Specifications of structural members

Each condition for structural analysis is based on Article
82 of the Enforcement Ordinance of Construction Standard
Law of Japan. As examples of the structural analysis, two
cases such as the short-term seismic load and the short-
termwind load are introduced.

Fig. 14 shows a stress diagram in X direction for the
short-term seismic load as the example of the analysis result.
Here, the short-term seismic load is 0.2 G based on the
architectural primary design. Table 3 summarizes the analy-
sis results for the short-term seismic load. The check value,
which is a ratio between the maximum and criteria stresses,
indicates the margin against the material strength. It was con-
firmed that the maximum tension and compression stresses
are less than the allowable stress, respectively.

Fig. 14: Stress diagram in X direction for short-term seismic load
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Maximum | Criteria Check

Member Direction stress stress value
(N/mm?) | (N/mm?)

Compression X direction 7.37 62.00 0.119

member Y direction 6.96 (Cc;m ) 0.112

(Plastic pipe) [45 qeq, direc. | 7.47 0.120

Tension X direction 109.88 247000 0.032

member Y direction 96.43 (Teh ) 0.028

(Fiber rope) 45 deq. direc. | 94.34 0.027

Table 3: Analysis results for short-term seismic load

As the example of the analysis result for the short-term
wind load, fig. 15 is the stress diagram in the X direction. The
wind load is assumed to be 3.05X10° N. Table 4 shows the

analysis results for the short-term wind load. Similarly, it was
verified that the maximum tension and compression
stresses are within the allowable stress range for the short-
termwind load.

Fig. 15: Stress diagram in the X direction for short-term wind load

Maximum | Criteria Check
Member Direction stress stress |
(N/mm?) | (Nfmm2) | V&€
Compression | X direction 8.89 62.00 0.143
member C i
(Plastic pipe) | Y direction 9.22 (Com) | 0149
Tension Xdirection | 28218 | 347009 | 0.081
member T
(Fiber rope) | Y direction 96.43 (Ten.) 0.028

Table 4: Analysis results for short-term wind load
4. SUMMRY

The following conclusions were obtained through the
researches for applying the high performance fiber rope as
building structural members by utilizing their flexibility with
high strength.

First, the wedge type fitting for connecting the fiber rope
to the structural members was examined through
experiments. This connection fitting is aimed at the practical
application for the seismic brace which can be constructed
easily at the construction site. The appropriate connection
fitting, which can sufficiently secure the fiber rope strength,
was obtained by optimizing the wedge shape of the fitting.
The points to be noted at the construction stage (e.g., the

rope end treatment) were also clarified. Furthermore, weight
reduction was achieved by adopting aluminum for the
connection fitting instead of steel.

For the future researches on the connection fitting, a
suitable value of the wedge shape for the 100 kN rope is
surveyed. Then, the high performance fiber rope will be tried
to apply for actual buildings to improve the seismic resistant
strength.

Second, the tensegrity dome using the high performance
fiber rope was studied to expand its application range for
building structural members. This tensegrity dome is
expected to be used as frames of the temporary space at the
time of disaster occurrence. After obtaining the knowledge
on the tensegrity dome by making the small model, the full
size model with a diameter of about 3 meters was fabricated
based on this knowledge. Furthermore, it was confirmed that
each structural member was within the allowable stress
range through the static structural analysis based on the
fabricated dome model.

For the future researches on the tensegrity dome, the
forces acting on each structural member are examined and
the consistency with the analysis model is confirmed. Then,
the accuracy of the structural analysis method for the
tensegrity dome can be improved. Also, the connection
fitting may be developed to easily and accurately adjust the
length of the fiber rope as the tension members.
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Structural Design of a Seismic Isolated
Building in Matsumoto City, Japan

Yuki Nagai”, Toshiaki Kimura', Musturo Sasaki’

Abstract: A new building of a newspaper company which is
under construction and designed by “TOYO ITO &
ASSOCIATES, ARCHITECTS” has been planned in
Matsumoto- city, Nagano Prefecture, Japan.

This paper reports about a structural design and a
seismic isolated design of this project. This building was
required to be able to use in an emergency such as an
earthquake as a newspaper company, and to be able to
provide the function of a refuge place for the citizens. From
this point of view, the basic concept of the structure of this
building was set as below;

+  For the high aseismic performance requirements, the
rigid frame structure which is consisted by the concrete
filled steel pipe column (CFT) and H-section beam, and
the seismic isolation dumper were adopted.

+ The floor steel girder is designed with “Grid-girder” to
provide excellent degree of freedom and future updat-
ing property for comfortability for interior space.

First, this paper describes about the architectural plan.
Next, structural planning with respect to mainly seismic
isolation structure is explained. After explanation of the
structural planning, the detail of the structural design
(verification by using time history response analysis) is
shown.

1.INTRODUCTION

A new building of a newspaper company which is under
construction and designed by “TOYO ITO & ASSOCIATES,
ARCHITECTS” has been planned in Matsumoto- city,
Nagano Prefecture, Japan. The site is on the center of the
city area and there are the commercial buildings and the
cultural buildings around the site. On the other hand, there is
alsorich nature such as rivers flowing around there.

This new building has about 8000 square meter total floor
area, and about 24 meter height. It has 5 stories above
ground and one below; the commercial complex such as a
gallery, a community hall, a restaurant and a shop, are
located on the first floor to the third floor. The business area
for the newspaper company is located on the fourth and fifth
floor. Aparking lotis located on the basement floor.

2. STRUCTURAL PLANNING
2.1 Overall

This building contains an office building of a newspaper

" Sasaki Structural Consultants, Engineer, Japan
? Sasaki Structural Consultants, President, Japan

siat sl L
M

T Bt ; -

Fig. 1: Image of building (Image by “kuramochi + oguma”)

company that provides information for citizens in this area,
and a commercial complex that citizens can use. At the
same time, it was required to be able to use in an emergency
such as an earthquake as a newspaper company, and to be
able to provide the function of a refuge place for the citizens.
From this point of view, the basic concept of the structure of
this building was set as below;

+  For the high aseismic performance requirements, the
rigid frame structure which is consisted by the concrete
filled steel pipe column (CFT) and Hsection beam, and
the seismic isolation dumper were adopted.

+ Thefloor steel girderis designed with “Gridgirder” to pro-
vide excellent degree of freedom and future updating
property for comfortability for interior space.

2.2 Super Structure

This super structure is basically designed with the rigid
frame system of 15.6m span on demand from building use.
The CFT columns, which diameter is 850mm in the first floor
and 750mm in the second to fifth floor, are arranged every
15.6m as main frame structure, and the @450 steel pipe
columns are arranged on the front side of the building. The
main girder for the rigid frame is 900mm height H-section
steel beams. The floor steel girder is the grid-girder to
distribute vertical load in two directions, which transfer the
large-span floor load in arational way.

The rigid frames of the upper structure possess enough
rigidity and strength for wind load and seismic load, while
achieving the universal-space for building use and open-
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Fig 2. Structural Diagram
elevationtothe city.

2.3 Seismic Isolation

The economic steel rigid-frame and excellent earthquake
resistance performance are enabled by the deployment of
seismic isolation dumpers that absorbs significant amount
of incoming seismic forces. Seismic isolation device is
installed in the position of the capital part of the column on
the first basement floor. Three types of the seismic isolation
damper were used depending on the performance required
forthe earthquake resistance as follows;

+  Multilayer Natural Rubber-type Seismic Isolation Device
with Lead Plug

+  Multilayer Natural Rubber-type Seismic Isolation Device

+  Sliding Multilayer Natural Rubber-type Seismic Isolation
Device

The seismic force from super structure is transferred to
the cantilever RC and SRC column through the seismic
isolation dumper. The arrangement of the columns was
determined according to the magnitude of the shear force.

With the assumption which the super structure behave as
the rigid body and the columns under the seismic isolation
do not significantly affect the natural period of the whole
structure, the layout of the seismic isolation device is
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Sub structure

arranged by using following scheme;

+ (1)Mass above the seismic isolation layer, equivalent
stiffness and equivalent damping factor of the seismic
isolation layer derived from the horizontal displacement
based on the shear strain (10-200%) are set.

+ (2)Based on equivalent stiffness and equivalent damp-
ing factor of the seismic isolation device which shear
strain is reached 10-200%, one-dimensional response
spectrum analyses by using some strong ground
motion are implemented and the response of accelera-
tion and displacement are calculated.

+ (3)By using the maximum acceleration and seismic
shear distribution coefficient (Ai distribution in JPN
design-code), the static force is calculated, and static
analysis isimplemented.

+ (4 Through (3), if there is no satisfaction of the criteria,
the arrangement of the seismic isolation is modified,
andreturnto (1).

The basic image of the scheme is drawn in Figure3. and
Figure4 represents the final arrangement of the seismic
isolation. It can be confirmed that by using scheme, the
arrangement of the seismic isolation device which can be
satisfied with a certain criteria can be easily derived.



2.4 Sub Structure

The lower structure for machine room and parking lots is
mainly designed with concrete. Considering the high
groundwater level, the lower structures are designed with
900mm height flat RC slabs in order to minimize the volumes
of the ground excavation. This slab resists to buoyancy force
and bending force acting on the RC and SRC column base.

Owing to its ground condition, the foundations are
designed as cast-in-place steel pipe concrete pile
supported by gravel layer located at about twenty meters
below ground.

time historical response analysis is implemented. Two kinds
of ground motion (one is named “Level1” and assumed a
return period of 50 years, the other is “Level2” and a return
period of 500 years) are set for the input of this verification.
Moreover, based on the result against “Level 2" ground
motion, the margin of the structural capacity against larger
earthquake is also checked. The criteria of this building (with
respect to the super structure and the layer of the seismic
isolation) are shownin Figure 5.

3.2 Analytical model

For the purpose of achieving compatibility between

50 simplification and the check of three-dimensional behavior,
450 .. the super structure is dealt with three-dimensional shear
= model which has mass considered about moment inertia
E 50 T— and shear stiffness included torsion rigidity. And, as the
i ¥ lower structure, the column which supports the seismic
P isolation device is dealt with 3D beam element. The seismic
g ; 250 isolation devices are dealt as linear or nonlinear spring, and
28 w0 the bottom of the column in the lower structure is supported
- ; - i as fixed support.
g ' - o Figure 6 represents the image of the analytical model
3 - — and the characteristic of restoring force with respect to the
5 - seismic isolation (overall) is shown in Figure7. About ground
. . o o . . motion for the input, Figure 8 represents the pseudo velocity
{0 15 2@ 25§ am 35 4D 45 5D response spectrum. Furthermore, in numerical analysis
Natural Pericd against “Level 2” ground motion, some case is provided for
[z the consideration the effect with respect to the variation of
Fig. 3: The basic image of the scheme shear stiffness caused by product error, secular change of
o the seismic isolation device and environmental temperature.
- Analytical cases are shown in Figure 9.
73 ,]L{, = i e | Index Level Level2
LRB NRB LRB LRB
9750 900 050 9900 Stress Elastic | Elastic / Elastic limit”
Super Structure :
Drift
1/200
@ angle
n Disp. 40cm
Shear 200%
® Strain
&t Seismic Isolation | Surface
P Pressure Under stable deformation
o (+)°
Surface ,
Pressure No tensile stress
(-)°

®

Fig. 4: The final arrangement of the seismic isolation

3.STRUCTURAL DESIGN FOR SEISMIC FORCE
3.1 Abstract

For the verification of structural safety of this building,

*1: In the case which is considered the variation of shear stiffness caused
by product error, secular change of the seismic isolation device and
environmental temperature.

*2: Represents compression stress.

*3: Represents tensile stress.

Fig. 5: Design Criteria
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Fig. 9: Design Criteria
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3.3 Result

The result of Case-N is shown in Figure 10, where the
maximum of the response acceleration, lateral force and
horizontal displacement at each floor are represented. It can
be confirmed that each structural member has elastic state,
the maximum of the horizontal displacement and drift angle
are not exceeded the criteria and the maximum
displacement of the seismic isolation layer is under 400mm
which is equivalent to maximum of shear strain (200%) with
respect to seismic isolation device. And from results of
Case-H and Case-S, which are shown in Figure 11 and 12, it
can be confirmed that the structure is satisfied with design
criteria regardless of the variation of shear stiffness of the
seismic isolation device. And from the series of such result, it
is useful to be point out that the building has appropriate
seismic safety against the strong ground motion.

4. DETAIL DESIGN

Figure 13 shows the example of detail design around the
seismic isolation device. Seismic forces are translated to the
main frame through the steel base plate and the rib plate
above and below the seismic isolation device. In addition,
the foundations of concrete are arranged as the fire-resistive
covering of seismic isolation equipment. The SRC (RC)
Column resists the bending moment and shear force from
the seismic isolation device and these forces are transferred
to the mat-slab.
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Fig 10: The result of Case-N
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Fig 13: Details around the seismic isolation device

5.CONCLUSION

This paper reports about the under construction project
of seismic isolated building. The essentials presented in this
paper can be summarized as follows,

+  This paper focuses on a new building of a newspaper
company which is under construction and designed by
“TOYO ITO & ASSOCIATES, ARCHITECTS” has been
planned in Matsumoto- city, Nagano Prefecture, Japan.
And the abstract of the architectural planning, structural
planning and structural design are reported.

+ With respect to the structural planning, by using
reported scheme, it can be confirmed that the arrange-
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ment of the seismic isolation device which can be satis-
fied with a certain criteria can be easily derived.

+  Withrespect to verification of seismic safety in the struc-
tural design, it can be confirmed that the structure is sat-
isfied with design criteria regardless of the variation of
shear stiffness of the seismic isolation device, and it is
useful to be point out that the building has appropriate
seismic safety against the strong ground motion.
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Pedestrianisation of Meenakshi Temple

Surrounds

Abstract: Madurai, one of the oldest cities in Tamil Nadu, is
famous for its rich heritage and cultural history. The Madurai
Meenakshi Amman temple is one of the most important
landmarks in the city. Due to rapid urbanization, the area
surrounding the temple began facing issues due to
increased density and congestion.

ArValliappan Ramanathan, Principal Architect and
Urban Designer, Karvin Design Studio, was appointed as the
urban design consultant by the Madurai city corporation to
relieve the city centre of pressure for space and
infrastructure.

Under JnNURM scheme, a Detailed Project Report on
heritage sites of the Madurai city was prepared by Karvin
Design Studio. In this DPR, after a detailed study various
proposals for the heritage sites were submitted. One such
proposal was that of converting the Chithirai veedhi, the
street encircling the temple quadrilateral into a pedestrian
zone. Thus was born the idea of pedestrianisation in the
region.

1.INTRODUCTION

One of South India’s great temple towns, Madurai is
synonymous with the celebrated Meenakshi Temple.
Situated on the banks of river Vaigai, Madurai has a rich
cultural heritage passed on from the great Tamil era more
than 2500 years old.

Fig. 1.1: Evolution of Madurai city

Ar. ValliappanRamanathan
Principal Architect, Karvin Design Studio, India

Meenakshi Sundareswarar twin Temp