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Abstract

After the Great Hansin-Awaji Earthquake Disaster caused by the 1995 Hyogoken-Nanbu Earthquake (Kobe Earthquake), new
approaches to utilize seismic isolation, supplemental damping and continuous fiber wrapping have been applied for seismic reha-
bilitation of reinforced concrete buildings as well as conventional strengthening techniques to infill, to brace and to jacket existing
framing members. An overview of the state-of-the-art in techniques for seismic rehabilitation of existing reinforced concrete
buildings is presented in this paper with emphasis on research and practice. Response to the lessons from the Great Hansin-Awaji
Earthquake Disaster is summarized, firstly. The rehabilitation strategy and techniques, improved behavior of rehabilitated struc-
tures and components with various techniques, examples of both post-earthquake and pre-earthquake rehabilitation of existing
buildings are introduced. Since application of the continuous fiber wrapping has been increased drastically after the Kobe Earth-
quake, the characteristics and detail of this technique are described. Finally, subjects to be considered in the future are summa-

rized. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
1.1. Importance of seismic rehabilitation

After experiences of significant damage to buildings
due to several destructive earthquakes, particularly,
those which hit highly dense urban areas (for example,
1978 Miyagiken-oki, 1985 Mexico and 1989 Loma Pri-
eta Earthquakes), the importance of seismic rehabilita-
tion of existing buildings has been recognized year after
year. The recent two earthquakes, i.e., the 1994 North-
ridge Earthquake and the 1995 Hyogoken-Nanbu
Earthquake (Kobe Earthquake) have strongly pushed
our society to recognize the importance of earthquake
countermeasures for existing vulnerable buildings.

A large number of existing buildings in earthquake
prone areas over the world need seismic rehabilitation
due to various reasons and motivations, such as code
change or earthquake damage. Earthquake damaged
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buildings may need strengthening along with repair of
damaged portion for reuse (post-earthquake rehabilita-
tion). Generally, they are rehabilitated so that their
improved seismic performance may satisfy the required
performance by current codes in force. Seismically in-
adequate buildings, the design of which does not comply
with current code, may also need rehabilitation (pre-
earthquake rehabilitation) so that they meet the re-
quirements of the codes in force. Many rehabilitation
techniques were investigated recent 20 or more years to
apply to both pre-earthquake and post-earthquake re-
habilitation. They are techniques to infill, to brace and
to back up existing frames and to jacket existing framing
members so that lateral resistance and ductility of a
building may be increased. In addition to these con-
ventional ‘“‘seismic resistant techniques”, other ap-
proaches to reduce seismic response of a building have
been recently adopted for rehabilitation of existing
buildings. They are seismic isolation and supplemental
damping which are ‘“response reduction techniques”,
though they have been developed for new buildings.
Thus, the seismic rehabilitation technique is recently in
wide variety.

0958-9465/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.

PII: S0958-9465(99)00042-6



60 H. Fukuyama, S. Sugano | Cement & Concrete Composites 22 (2000) 59-79

1.2. Objectives and scope

In this paper, the emphasis is laid upon the seismic
rehabilitation of existing reinforced concrete buildings,
which has been considered as one of the most urgent
earthquake preparedness since the Hyogoken-Nambu
Earthquake.

The lessons from the Hanshin-Awaji Earthquake
Disaster are summarized firstly to present the impor-
tance of seismic rehabilitation in Japan. The typical re-
habilitation techniques used for reinforced concrete
buildings are summarized classifying as conventional
techniques that is infilling, bracing and jacketing tech-
niques using steel and concrete materials, and recent
approaching techniques utilizing seismic isolation, sup-
plemental damping and continuous fiber wrapping,
which have been applied mainly after the Hyogoken-
Nanbu Earthquake. Over 20 years research data have
been reviewed to discuss the improved seismic behavior
of rehabilitated buildings and components with various
techniques. Examples of techniques used for both post-
earthquake and pre-earthquake rehabilitation are in-
troduced. Some observed behaviors of rehabilitated
buildings during recent earthquakes are introduced to
discuss the effectiveness of seismic rehabilitation. Since
application of the continuous fiber wrapping has been
increased drastically after the Hyogoken-Nanbu Earth-
quake, the characteristics and detail of this technique are
described. Finally, subjects to be considered in the fu-
ture are summarized.

The term ‘“‘rehabilitation” is recently used in the
earthquake engineering field as a comprehensive term to
include all the concepts of “repair”, “upgrading”,
“retrofitting” and “‘strengthening” that lead to reduce
building earthquake vulnerability.

2. Response to the lessons from the Great Hanshin-Awaji
Earthquake Disaster [1]

2.1. Lessons from the Great Hanshin-Awaji Earthquake
Disaster

The lessons that from the Great Hanshin-Awaji
Earthquake Disaster caused by the 1995 Hyogoken-
Nambu Earthquake on concrete buildings could be
summarized as follows. The detailed results of the
damage investigation of reinforced concrete building
structures are described in other papers [2-4].

(1) Most new buildings designed and constructed
according to the present seismic codes showed fairly
good performance from the view of preventing severe
structural damage and/or collapse for life safety as a
minimum requirement, even to such severe earthquake
ground motions.

(2) The collapsed or seriously damaged ratio of re-
inforced concrete building was 7.8% in the most affected
areas, which reported seismic intensities “7” in JMA
scale. The ratio of severely damaged buildings with soft
first story, ie., 17.0%, was much higher than that
without soft first story, i.e., 7.0% (Fig. 1; note that the
ratio of unknown buildings which were demolished at
the investigation is counted because most of those can
be regarded as seriously damaged buildings.).

(3) The damage to reinforced concrete buildings was
serious for those constructed before 1981, especially
before 1971, because Japanese seismic design codes in
1950, which was basically same as the first Japanese
seismic design codes for buildings in 1924, was revised in
1971 and 1981. The collapsed or seriously damaged ra-
tios of buildings designed and constructed in accordance
with the codes before 1971 revision, before 1981 revision
and of current are, 8.1%, 3.7% and 1.1% for buildings
without soft first story, and 12.2%, 11.7% and 2.4% for
buildings with soft first story, respectively [2].

Therefore, urgent needs of seismic performance
evaluation to identify seismically vulnerable buildings,
which have not experienced severe earthquake ground
motion yet, and of seismic strengthening to upgrade
their seismic performance have been strongly recog-
nized. A lot of projects to carry out seismic upgrading of
existing vulnerable buildings have launched since the
Hyogoken-Nanbu Earthquake.

2.1% 2.5%

investigated
buildings
3911

General
buildings
3534

Buildings
with soft first

Fig. 1. Damage to concrete buildings by the Hyogoken-Nanbu
Earthquake at JMA seismic intensity ““7” area in Kobe city.
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In order to promote seismic retrofit of pre-code re-
vision buildings, the “Standards for Evaluation of
Seismic Capacity and Guidelines for Seismic Rehabili-
tation of Existing Reinforced Concrete Buildings™ [5]
were developed by the Japanese Government and pub-
lished from the Japan Building Disaster Prevention
Association in 1977. However, they have been applied
only to a limited number and limited types of buildings
in a limited areas excluding the Kobe area even though
the necessity of seismic retrofit had been pointed out
before the Hanshin-Awaji Earthquake Disaster. The
reasons could be summarized as follows:

1. The seismic strengthening is less attractive for own-
ers, architects, engineers, researchers, constructors,
administrators and politicians than new building con-
struction.

2. Since a return period of a big earthquake is usually
long, owners are apt to hesitate to spend money in
seismic retrofit of existing buildings.

3. Since a seismic retrofit is more complicated than con-
struction of new buildings, it is usually troublesome
for architects and engineers, and less paid.

4. Since the Japanese Building Code is not retroactive, a
seismic retrofit is not enforced by law.

2.2. Response to the lessons from the Great Hanshin-
Awaji Earthquake Disaster

Since the Great Hanshin-Awaji Earthquake Disaster
was a great shock to Japanese people, various responses
have been quickly taken to upgrade the seismic capaci-
ties of pre-code revision buildings all over Japan. In
order to promote the seismic retrofit, it is necessary: (1)
to develop methodologies to evaluate seismic capacities,
(2) to develop techniques to strengthen existing build-
ings, (3) to train engineers, and (4) to prepare subsidies,
low-interest loan, tax exemption and so on, to increase
public incentive for seismic rehabilitation. In the fol-
lowing, the activities of the Network Committee, the
Law for Promotion of Seismic Retrofit of buildings, and
the Method for evaluation of seismic performance of
existing reinforced concrete buildings are briefly de-
scribed.

2.2.1. Network Committee for promotion of seismic
rehabilitation of buildings

Network Committee for promotion of seismic retrofit
of buildings was established in April 1995. This com-
mittee consisting of 76 organizations related to the de-
sign and construction of buildings and houses including
associations for academic people, for architects, for
engineers, for consultant offices and for building owners.
Major activities of the committee are: (1) to exchange
information on seismic retrofit, (2) to organize seminars
to train engineers, (3) to support local governments and

groups of engineers to establish local centers for pro-
moting seismic retrofit, and so on. One of the major
activities of such local centers is to organize committees
to review the results of seismic capacity evaluation and
retrofit design by engineers, which may also contribute
to improve the level of engineers.

2.2.2. Law for promotion of seismic rehabilitation of
buildings

Law for promotion of seismic rehabilitation of
buildings was enforced in December 1995. The objec-
tives of the law are to enforce the seismic rehabilitation
on the owners of the specified occupancy and/or large
occupants buildings and to prepare the incentives to
implement seismic rehabilitation of other buildings and
houses. For this purpose, the law identifies the impor-
tant buildings such as schools, hospitals, department
stores, theaters, office buildings and so on, which ac-
commodate a large number of inhabitants and visitors,
and enforces the owners to make seismic rehabilitation.
If the building officials approve the retrofit plans of such
buildings, the owners are eligible to apply for lower in-
terest loan, tax exemption, and exemption from regu-
lations for land use and fire protection codes.

2.2.3. Evaluation of seismic capacity of existing buildings

It is assumed that there are about 18 million wooden
houses and more than 2 million buildings, which were
designed and constructed by the previous seismic codes.
Considering the damage due to past earthquakes in-
cluding the Hyogoken-Nanbu Earthquake, about 20%
of wooden houses and 10% of buildings are assumed
vulnerable. Therefore, many retrofit works have been
going on around the country since the Great Hanshin-
Awaji Earthquake Disaster. In order to evaluate the
seismic capacity and to rehabilitate the existing rein-
forced concrete buildings, the Seismic Capacity Evalu-
ation Standards and Rehabilitation Guideline [5] have
been widely used since 1977 as the guidelines of seismic
diagnosis.

In this seismic capacity evaluation procedures, the
seismic capacity of a building is measured by the seismic
index, I;, which is defined as the following equation:

[S:E()XSDXT, (1)

where I is the seismic index, E; is the basic seismic in-
dex, Sp is the structural design index, and 7 is the time
index.

Basic seismic factor E, is evaluated as a function of
strength index, C, and ductility index, F:

EO =CxF. (2)
For example, if a story is idealized as a series of vertical

members such as in Fig. 2, the load deflection relation-
ship for the story under a monotonic loading could be
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Fig. 2. Ideal load—displacement relationships of elements.

represented by the curves in Fig. 3. The idea of the
seismic index, I, is to evaluate the capability of energy
consumption of the story. There are three levels of
procedure to evaluate the basic seismic index, Ej, de-
pending on its simplicity. The first level procedure is a
simple procedure but useful for buildings with consid-
erable amounts of walls, where the strength index C is
calculated based on section area and unit strength of
columns and walls. The second level procedure requires
the calculation of the ultimate strength of columns and
walls with consideration of reinforcing bar arrangement.
In the third level procedure, it is required to calculate the
ultimate strength and ductility of beams as well as col-
umns and walls.

The procedure to judge the seismic performance of
existing building by the Seismic Capacity Evaluation
Standards is as follows. First, the seismic index of I is
estimated to evaluate the seismic capacity of the build-
ing, then it is compared with the judging index of I,. If
the /; index is larger than the I, index, the building is
judged to have good seismic performance. This standard
has been applied to the reinforced concrete buildings,
which suffered from some previous earthquakes. From
those studies, it was clarified that most buildings of
which I indices were less than 0.3 took severe or mod-
erate damage and the damage was slight for buildings of
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Fig. 3. Basic seismic index.

which [ indices were greater than 0.6. Therefore, I of
0.6 has been recommended for judging criterion.
Similar study was carried out for reinforced concrete
school buildings suffered from the 1995 Hyogoken-
Nanbu Earthquake and it was found that the /; index of
0.6 is considered to be the border between severe dam-
age and moderate damage [6]. Considering these studies,
the judging index of 0.6 is adopted in the Law for
Promotion of Seismic Retrofit of Buildings as a stan-
dard criterion to prevent collapse or severe damage.

3. Rehabilitation strategy and techniques
3.1. Historical background

The research on seismic retrofit of existing buildings
in Japan was initiated shortly after the 1968 Tokachi-oki
Earthquake. A number of low-rise reinforced concrete
buildings were heavily damaged by the earthquake.
While many of severely damaged buildings were de-
molished, several damaged buildings were strengthened
by the addition of structural walls along with repair.
This was practically the first experience for Japanese
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engineers to extensively strengthen existing buildings
against earthquake. The retrofit design and construc-
tion, however, were performed based on engineering
judgment alone due to lack of appropriate guidelines.

Since then a number of experimental studies were
conducted to investigate the seismic behavior of retro-
fitted buildings. Early studies were reflected to the
“Guidelines for Seismic Rehabilitation Design of Ex-
isting Reinforced Concrete Buildings™ [5] prepared by
the Japanese Government in 1977. They were intended
to be used in conjunction with the ‘“Standards for
Seismic Capacity Evaluation of Existing Reinforced
Concrete Buildings™ [5] prepared also by the govern-
ment in the same year. These guidelines and standards
have been widely used by Japanese engineers. In 1990,
they were revised reflecting cumulative data of both re-
search and design of over 15 years.

3.2. Rehabilitation strategy

As shown in Fig. 4, the aims of seismic rehabilitation
are:
1. to recover original structural performance,
2. to upgrade original structural performance, and
3. to reduce seismic response,
so as to reduce building earthquake vulnerability. To
recover original structural performance, damaged or
deteriorated portions of a building may be repaired with
adequate material or replaced with new element or
material. To upgrade original structural performance
there are several approaches (Fig. 5). General approach
to upgrade original performance is to strengthen existing
structure by the methods described in the following
section. To reduce large response displacement, a
building may be stiffened. Irregularity or discontinuity
of stiffness or strength distribution, which may result in
failure or large distortion at particular portion of a
building, must be eliminated by changing structural
configuration. It is effective to supplement energy dissi-
pating devices in the structure to enhance the damping
of building and as a result to reduce seismic response.

Aim Measures
__| recover original repair damaged or
seismic deteriorated elements
performance stiffen existing structure |
_ strengthen existing structure j
seismic upgrade original 2 - -
rehabilitation [T] seismic improve mjegulanty and/or
performance discontinuity
supplement energy
dissipating system
|| reduce seismic {) reduce masses
response

isolate building base from
ground excitation

Fig. 4. Seismic rehabilitation strategy and measures.
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Fig. 5. Typical strengthening methods.

Another concept to reduce seismic response is to isolate
existing structure from the ground excitation for in-
creasing the fundamental period of building (seismic
isolation) as well as to reduce building masses. For im-
portant buildings which must be functioned after an
earthquake or which must preserve expensive and
valuable contents, for example, this is particularly an
effective approach. Schematic concept of seismic
strengthening, seismic isolation and energy dissipation is
shown in Fig. 6.

3.3. Strengthening techniques

3.3.1. Conventional technique

Many approaches and techniques have been studied
and practiced for recent 20 or more years to strengthen
existing structures. Some of them include to stiffen ex-
isting structure and/or to improve irregularity or dis-
continuity in distribution of stiffness or strength of a
building. The aims of seismic strengthening are to pro-
vide:
1. increased strength,
2. increased ductility, and
3. a proper combination of these two features,
so as to satisfy the required seismic performance (Fig.
5). The required performance is evaluated in terms of
strength and/or ductility. The combination of strength

Seismic
Strengthening
Q Q

Seismic Isolation

Original

Performance;

Required Performance
(ex. for 5% damping)

Shear force (Strength)

Required Performance
(ex. for 20% damping)

Required Performance
(ex. for 40% damping)

Period (Displacement)

Fig. 6. Seismic strengthening, seismic isolation and energy dissipation.
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and ductility involves the proper balance between
strength and stiffness. Providing increased strength is the
most promising approach for low- to medium-rise
buildings. Even if sufficient ductility is provided, ade-
quate strength is required to prevent excessive inelastic
displacement. To increase ductility spandrel walls may
be separated from a column to eliminate “captive col-
umn’’.

Typical strengthening techniques are summarized in
Figs. 7-14. New elements are added to existing frames to
provide increased strength (Fig. 7), or existing framing

cast-in-situ
concrete

precast concrete
panel

steel panel
concrete blocks
brick infill

infill wall

cast-in-situ
concrete

precast
concrete
panel

side walls

elements are reinforced with additional materials to in-
crease flexural capacity and/or to improve ductility
(Figs. 9-11).

The typical elements to strengthen existing frames are
infill walls, braces and side walls. Buttresses and addi-
tional peripheral frames also increase the lateral resis-
tance of existing frames. Infill walls and side walls are
cast-in situ or precast wall elements to be attached to
frames or to columns. Generally, walls are of cast-in situ
concrete infilling existing bare frame. Steel panel may
also be an element to infill existing frame. It is necessary

|- comp. or tens.

—  braces

tens. & comp.
braces

steel or
concrete
braces

| post-tensioning

cables

[ braces '

[ 1

peripheral
frames
] buttresses

AL E A s,
buttress

Fig. 7. Typical frame strengthening techniques.
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Fig. 8. Connections in frame strengthening.



H. Fukuyama, S. Sugano | Cement & Concrete Composites 22 (2000) 59-79 65

existing column 7

gap to prevent s
increase in flexural 1o existing column
capacity L

i

EianliT

existing beam

steel or concrete |
jacket '

steel or concrete
jacket ——m=— o

i |existing beam

(a) to increase flexural capacity (b) to increase shear capacity

Fig. 9. Column jacketing.

to provide connections along with all the periphery
when as much strength as that of monolithic wall is
required. Spandrel walls inside the existing frame may
be a part of the infill wall when the opening is infilled
with concrete. An existing structural wall may be
strengthened by placing new concrete wall panel along
with the existing wall.

Typical details of connections to existing concrete are
given in Fig. 8. Dowel connections in Fig. 8(a) are used
for infill walls and side walls. The expansion and adhe-
sive type anchors for dowel connection are illustrated in
Fig. 8(c). Steel elements may be simply attached to the
existing concrete through mortar fill, as shown in Fig.
8(d), while they may be directly attached to the frames
by bolting (Fig. 8(b)). Steel systems of braces and panels
with peripheral frame were studied by Yamamoto [7]
(Fig. 16) using the connection in Fig. 8(d). The steel
elements were welded or bolted to the peripheral frame,
and the steel frame was attached to existing frame
through mortar fill. Stud bolts were welded to steel
frame and adhesive anchors were installed along with
the existing frame. These bolts and anchors acted as
dowels through mortar fill, though they were not con-
nected each other. This connection tolerates more error
in dimension of the steel system to be attached to ex-
isting frame than the direct connection.

existing column
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new longitudinal  existing Jacke

reinforcement beam

beam
concrete
hole topping
concrete
jacket

existing 1 : tll siab
column :

-

a) Column jacket

existing
beam

plate
b) Beam Jacket

Fig. 11. Jacketing to increase flexural capacity.

Flexural capacity of frames may be increased with
concrete or steel jacket shown in Fig. 11 providing with
new longitudinal and lateral reinforcements. It is im-
portant to adequately arrange lateral reinforcements to
achieve ductile behavior. Beam-to-column connection
may need confinement with steel element (Fig. 12),
though the construction is not easy. Column ductility
may be improved with jacketing techniques shown in
Figs. 9 and 10. An existing column is jacketed with
concrete or steel encasement. In increasing ductility of
columns with these techniques, the aim is to increase
their shear capacity providing new concrete and/or re-
inforcement. It is very important to provide a narrow
gap at the end of steel or concrete encasement to avoid
undesired increase of shear forces resulting from the
increase of flexural capacity.

3.3.2. New approaches in seismic rehabilitation [8]
Recently seismic isolation has been adopted for re-
habilitation of critical or essential facilities, buildings

ties or welded existing -
wire fabrics column carbon fiber
steel or carbon sheet
steel straps
encasement >
steel
mortar or angle
concrete g

Steel jacket

Concrete jacket

Carbon fiber jacket

Steel strap jacket

Fig. 10. Jacketing to increase column shear capacity.
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with expensive and valuable contents, and structures
where superior seismic performance is required. The
seismic isolation system significantly reduces the seismic
impact on building structure and assemblies by in-
creasing the fundamental period of buildings. For iso-
lation bearings, elastomeric systems (high-damping
rubber and lead core rubber) or friction pendulum sys-
tem are presently available (Fig. 13). In other cases,
rubber bearings accompany damping element such as
viscous damper. These damping elements are required
for seismic isolation system to reduce the relative de-
flection between superstructure and ground. The loca-
tions for establishing isolation are, under the foundation
girders, on the foundations, middle of columns or top of
columns in a middle story of building. It is necessary to
take into account the flexural deflection of isolators in-
stalled into the middle story columns.

The merits of the seismic isolation system are sum-
marized as follows:

1. Construction part of building is less than that of oth-
er rehabilitation methods,

2. Trouble put to the users is decreased since building
function can be operated during the construction
for rehabilitation, and

3. Building style can be preserved.

However, because of the difficulties in design and lack
of design procedure for rehabilitation with seismic iso-
lation system, application of this system for rehabilita-
tion is not so much though that for new construction is
increased drastically. The rehabilitation of buildings
with seismic isolation system means developing a new
structural system. Then careful considerations of design
criteria, structural planning and verification of perfor-

mance are required. For these purposes, performance
based design system, which has been developing in
present for new construction buildings, are required also
for the rehabilitation design.

Energy dissipation devices have recently been also
adopted as vibration control elements for existing
buildings to reduce inelastic deformation demand by
increasing the damping of structures. Many ideas are
proposed for new buildings; however, shear yielding
damper, friction damper, rheological fluid damper and
viscoelastic damper elements are presently available for
seismic rehabilitation (Fig. 14). These devices may be
installed into braces, wall panels or between braces and
beams.

The merits of the energy dissipation system are large
effect on reducing response and easy installation, which
can reduce the trouble put to users and functional lim-
itation of buildings during the rehabilitation. Because of
the same reason as seismic isolation, application of this
system for rehabilitation is not so much.

Application of continuous fiber sheet wrapping
technique has been increased drastically because of its
excellent workability and cost effectiveness. This newly
developed technique is described in the later section.

4. Behavior of rehabilitated structures
4.1. Research on rehabilitated structures

The earliest tests in rehabilitation research were
aiming at repair of damaged structure and the im-



H. Fukuyama, S. Sugano | Cement & Concrete Composites 22 (2000) 59-79

rubber bearing

67

viscous damper

lead core rubber

Under large earthquake
medium earthquake
small earthquake

Rubber bearing + Viscous damper

High damping rubber

=

High damping rubber bearing

Viscous

/}4 Steel
Rubber bearing + Steel damper

& ﬁ Lead core

Lead core rubber bearing

a) Isolation bearings and their lateral force — displacement relationships

Stainless steel concave surface

/

Articulated slider

Lateral force

P
=

Lateral displacement

b) Friction pendulum system and the lateral force — displacement relationship

Fig. 13. Isolation bearings used for seismic rehabilitation [§].

provement of column ductility by jacketing with steel
encasement, steel straps or welded wire fabrics. They
were also aiming at the boosting of the strength of
frames by the addition of precast or cast-in situ walls. In
addition, one-story infilled frames with various con-
nection details and bracing systems were examined.
Three-story frames, strengthened by infilling and brac-
ing techniques, were also tested. Further tests were those
for infiill walls, steel bracing systems and jacketed col-
umns with steel straps, with concrete, with steel en-
casement and with continuous fibers such as carbon
fiber and aramid fiber. Beam-column joints of jacketed
frames were also tested.

Shear transfer at the connection between new and
existing elements was another issue in strengthening.
The behaviors of fasteners and connections were inves-
tigated.

4.2. Behavior of strengthened frames

Examples of the behavior of strengthened frames
with various construction techniques are shown in Fig.
15 [9]. Infill walls behaved similarly to monolithic wall,
though the strength was slightly less. Concrete blocks
also extensively increased the strength of original frame.
Tension braces provided good ductile properties while
compression braces and steel panel did not develop their
yield strength due to the failure of existing columns or
connections. The behavior of strengthened frames with
steel systems are summarized in Fig. 16 [7]. Both the X
and V braces and a panel with opening were capable of
significantly improving not only strength but also duc-
tility of original frame. The double K braces also indi-
cated significantly improved both strength and ductility
of original frame. Note that even a steel peripheral
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Fig. 14. Seismic dampers used for rehabilitation [8].

frame alone could significantly improve both the
strength and ductility. Another recent test of V braces
system with hinge device at the joint to the steel frame
[10] (Fig. 14) indicated significantly increased energy
dissipating capability resulting from yielding of shear
panel.

Typical load—displacement relationships of strength-
ened frames with various construction techniques are
illustrated in Fig. 17 [11,12]. This is only qualitative

indication of the order of strength and ductility that

might be attained using different techniques. The find-

ings from the figure are summarized as follows:

1. When adequate connections were provided, infill
walls exhibited almost the same strength as monolith-
ic wall.

2. Multiple precast panels provided good ductility prop-
erties; however, as expected, much less strength was
attained.
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3. The predominance of flexural behavior in three sto-
ries frame was observed in contrast to shear domi-
nance in one-story frames.

4. Steel-framed braces indicated significantly increased
both strength and ductility.

5. Concrete blocks and brick masonry also significantly
increased strength.

4.3. Behavior of reinforced members

Fig. 18(a) shows the dramatic improvement of duc-
tility attained by a column using welded wire fabric
wrapping and mortar [13]. Thick lines in the figure show
the brittle failure of this type of short column that
has been observed in many damaged buildings due to
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Fig. 17. Typical load—displacement relationships of strengthened frames with various techniques [11].

destructive earthquakes. Displacement ductility larger

than 6 could be attained in this case. Also the significant

improvement of ductility by steel encasement is shown
in Fig. 18(b) [14]. While original columns with average
and heavy reinforcement failed in shear, jacketed col-

umns could sustain the displacement larger than 2%.
Typical load-displacement relations of reinforced

columns with various techniques are shown in Fig. 19

[11,12]. This is also qualitative indication of the order of

strength and ductility that might be attained using dif-

ferent techniques. The findings are summarized as fol-
lows:

1. Anyone of wrapping techniques to use steel encase-
ment, concrete encasement, carbon fiber and steel
straps resulted in considerable increase in ductility.

2. Columns with concrete jacket indicated significantly
increased both strength and ductility.

3. Steel encasement without end gaps resulted in de-
crease of ductility, though higher strength was ob-
tained.

4. Separation of spandrel walls considerably increased
ductility while the strength was significantly reduced.

5. Continuous fiber wrapping technique [15]
5.1. Background

The repair and seismic strengthening by continuous
fiber sheet wrapping method (Fig. 20), using carbon,
aramid or glass fibers, is a relatively new retrofitting
method developed firstly in Japan, whose research was

first carried out in 1979. The wrapping method is char-
acterized by its excellent constructional workability in
addition to the characteristics of the construction ma-
terials, which exhibit high levels of anti-corrosion, high
strength and lightweight. With these features, it is con-
sidered to be one of the most effective rehabilitation
methods today. Until the Hyogoken-Nanbu Earthquake
in 1995, this method had been studied only by a handful
of organizations and employed by a few construction
projects. After assessing the damage caused by the
earthquake, however, various agencies have initiated
research on this method and guidelines as for the design
and construction have been established. The number of
construction projects adopting this retrofitting method
has also increased drastically in recent years.

5.2. Materials

In this section, fiber material is referred to as “fiber”,
the former materials that are transformed into pre-im-
pregnated sheets or fiber fabrics ‘““(continuous fiber)
sheets,” and fiber sheets that are hardened by impreg-
nated resin “FRP (fiber reinforced plastic) sheets™.

The continuous fiber is a generic term for extremely
minute continuous fiber, which is approximately 5-20
um in diameter and is characterized by high strength,
high corrosion resistance, light-weight and non-magne-
tism. Continuous fibers are classified into various types
of fibers including carbon fibers, aramid fibers and glass
fibers. However, continuous fibers that are considered
appropriate as reinforcing materials for buildings are
represented by the above-mentioned three types of fi-
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Fig. 18. Behavior of jacketed columns [13,14].

bers. These fibers are already used extensively in the field
of sporting goods and aircraft. Therefore, their reli-
ability as materials has already been verified.

5.2.1. Fibers

Fiber types used for seismic rehabilitation as fiber
sheets in present are shown in Fig. 21. Fibers being used
are carbon fibers, aramid fibers and glass fibers. Com-
mercially used carbon fibers consist of both the PAN-
type fibers and the pitch-type fibers. However, only one
type of fiber belongs to the pitch-type fiber and the rest
of the carbon fibers are of the PAN-type in its origin.
The PAN-type carbon fibers are further divided into two
types of fibers: high strength type and high elasticity
type. Aramid fibers are classified into two types of fibers:
whole-aroma-family polyamide fibers and aroma-family

polyetherialamide fibers. Glass fibers only have one
classification known as E-glass fibers. The tension
characteristics of each fiber are shown in Table 1.

5.2.2. Fiber sheets

The classification of sheet form and weight per unit is
indicated in Fig. 22. Shapes of the sheets are classified
into one-way or two-way fabric, one-way prepreg that is
pre-impregnated resin sheet, and one-way sheet. In the
two-way fabric, fibers are arranged in both the lateral
and transverse directions. In the other cases, fibers are
arranged in one direction. Since one-way sheet does not
expect the fibers being directed perpendicular to the
reinforced fibers to have any strength or durability, low-
cost fibers, i.e., glass fibers and nylon fibers, are used.

The weight per unit indicates the amount of rein-
forced fibers contained in the fiber sheets and is defined
in weight of only fibers per 1 m? sheet. The weight per
unit that is currently used ranges from 200 to 415 g/m?.

5.2.3. FRP sheets

The tension characteristics of fiber sheets are deter-
mined based on the results of the tensile test of FRP
sheets [15]. The cross-section areas used in calculating
the tensile strength and the modulus of tensile elasticity
are the sectional areas, solely consisting of fibers. The
reason why the cross-section of fiber areas is singularly
used is the possible fluctuation of the tensile strength
and the modulus of tensile elasticity depending on the
resin content if resin is included in the cross-section ar-
eas. There are large variations in resin content at the
time of actual construction due to difficulty in control-
ling the maximum amount of resin.

In the tensile tests for the FRP sheet, fibers, as a
congregate body, are to resist tension. Therefore, in
general, the strength of FRP sheets is smaller than that
of fibers. The relationships between tensile strength and
Young’s modulus of FRP sheets available in Japan are
shown in Fig. 23.

5.2.4. Characteristics of materials

Characteristics of continuous fibers and resins as
materials are discussed below:

(1) Specific gravity. The specific gravity of continuous
fiber is 1.8-2.1 for carbon fibers, 1.4 for aramid fibers
and 2.6 for glass fibers. All these values are far smaller
than that of steel, which measures 7.74. Further, the
specific gravity of resins also indicates a small value
ranging approximately from 1.1 to 1.4. The data show
that these materials provide enormous advantages in
transportation and construction.

(2) Tensile strength. The tensile strength of continu-
ous fibers, approximately 2900-4600 MPa, exceeds the
general yield strength and the tensile strength of steel,
approximately 300-600 MPa. This is a great advantage
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Fig. 21. Classification of fibers used.

when used as structural materials. However, perfor-
mance of structural members reinforced with continu-
ous fibers can be largely reduced when the concrete
materials are failed in compression. Therefore, in eval-
uating the structural performance, a thorough investi-
gation must be conducted on the failure mechanism of
structural members and on the reinforcing effects of
continuous fibers.

The tensile strength of continuous fiber sheets that
are impregnated with resins can be lowered if the im-
pregnation of resins between fibers is insufficient. This
arises from the tension destruction of individual fiber
being burdened with large stress due to the unequal
stress among the fibers. Therefore, in order to spread the
amount of stress almost equality to each continuous fi-
ber, it is necessary to harden continuous fibers after
impregnating resins fully among them.

(3) Ductility performance. Since continuous fibers are
perfect elastic bodies and do not indicate any yield
phenomenon, ductility design, which relies on the elon-
gation of reinforcing bars as in conventional reinforced
concrete structures, is not applicable when reinforced
against bending. This should be well noted in designing
reinforcement. In reinforcement against stress other
than bending, the rupture of continuous fibers often
leads to brittle failure of structural members. Therefore,
it is important to properly understand the safety al-
lowance ratio against rupture of fibers.

The typically observed Young’s modulus values are
between 230 and 640 GPa for carbon fibers, 74-111 GPa
for aramid and glass fibers. In comparing the Young’s
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Table 1
Characteristics of fibers used

Classification of Tensile strength

Modulus of Elongation (%) Specific gravity

fibers (MPa) elasticity (GPa)
Carbon fiber High strength type 34304900 230-240 1.5-2.1 1.8

High elasticity type 2940-4600 392-640 0.45-1.2 1.8-2.1
Aramid fiber High elasticity type 2900 111 2.4 1.45

High strength type 3500 74 4.6 1.39
Glass fiber E-glass 3500 74 4.7 2.6

Weight per unit widely used continuous fiber sheets have a thickness of

Formof  ——7— Two-way fabric (lateral / vertical each 150 g/m?) O 3 mm or bGIOW

(200 - 415 g/m?)
(200 - 300 g/m?)
(200 - 300 g/m?)

One-way fabric (including tapes)
One-way pre-impregnated sheet
One-way sheet

continuous
fiber sheet

Fig. 22. Classification of fiber sheets by forms.
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Fig. 23. Tensile strength and Young’s modulus of FRP sheets used for
seismic rehabilitation.

modulus with steel, 206 GPa, carbon fibers show values
that are equal to or larger than the value of steel. Both
aramid and glass fibers indicate around half the value of
steel. Therefore, the strain of aramid and glass fibers
becomes larger than that of carbon fibers when affected
by the same level of stress. It must be noted that in the
case of carbon fibers, eclongation capability is smaller
than that of aramid and glass fibers.

(4) Durability. Unlike steel, continuous fibers have the
advantage with respect to corrosion. Therefore, from the
viewpoint of anti-corrosion, continuous fibers are con-
sidered excellent materials. Regarding other durability
such as chemical resistance, etc., caution must be taken
in selecting fibers as different fiber may exhibit different
chemical reaction. Durability of FRP sheets requires
comprehensive evaluation including that of hardened
resins. Establishing a testing method and accumulating
data are desirable.

(5) Adaptability to structures and molding ability.
Continuous fiber sheets are flexible materials that allow
free folding. In other words, the adaptability to the
shape of the structures is excellent. Furthermore, easy
molding is made possible due to the nature of the sheets
that can be cut with scissors and cutters. In general,

(6) Cost. The present cost per unit area of continuous
fiber sheets is ¥6000-¥20,000/m> for carbon fibers,
¥6000—¥9000/m? for aramid fibers and ¥3000-¥4500/m?
for glass fibers. If only the cost is considered, it is un-
reasonable. However, taking a look at the total cost
including workability and maintenance, many cases re-
port that the cost is lower than that of other construc-
tion methods.

(7) Thermal resistance. In comparison with steel, ar-
amid fibers have less thermal resistance. However, resins
are more vulnerable to heat. For instance, some epoxy
resins start softening at about 80°C. When resins soften
the tensile strength of the FRP sheets decreases com-
pared with the condition of sheets at a normal temper-
ature. To generate fire resistance when applying the
retrofitting method using continuous fibers, sufficient
fire resistance covering is necessary. With respect to the
fire resistance of FRP sheets, accumulation of research
data is desirable for the material characteristics during
and after heating.

(8) Hardening of resin. Resin must be selected to
match the temperature at the time of construction. The
epoxy resin, which is widely used today, increases its
viscosity and slows the hardening reaction at a low
temperature. As a result, insufficient impregnation or
hardening may occur. Therefore, when the temperature
drops below 5°C, an appropriate treatment such as
heating is required. Recently, acrylic-system resins have
been developed for use at such a low temperature. Since
the existence of water disturbs the hardening of epoxy
resins and primers, measures must be taken to dry the
concrete surfaces where rainfall and condensation are
unavoidable.

5.3. Construction method

5.3.1. Overview of the construction method

The rehabilitation method using continuous fiber
sheets for the existing concrete structures is a method
that makes continuous fiber sheets adhered to the sur-
face of concrete with resins, and transforms continuous
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fiber sheets into FRP. The general procedure of the
construction method is illustrated in Fig. 24. Initially,
base treatments including the adjustment of uneven
concrete surfaces by scraping and primer coating are
conducted. Then, continuous fiber sheets are wrapped
and impregnated with resins. Finally, upon the hard-
ening of resins, finishing work is executed:

(1) Surface treatment of structures. Surface treatments
include cleaning and smoothing of structural surfaces by
disk sanders and air blows, adjusting of unevenness by
putty, and primer application in order to increase ad-
hesion between concrete and resins. At the corners of
rectangular columns and girders, the tensile strength of
continuous fiber sheets may decrease. Therefore, corners
must be rounded off (approximately 10-30 mm in radi-
us). Concerning Earthquake-damaged columns, appro-
priate treatments, such as injection of resins into cracks,
must be given. If the structural surface is moist, ade-
quate treatments must be conducted in order not to
lower the resin adhesiveness.

(2) Wrapping of continuous fiber sheets. First, struc-
tures are primed with resins. Then, continuous fiber
sheets are pasted and air is removed with rollers after
coating with resins. When wrapping multiple layers, this
process is repeated. Other methods include omitting the
process of resin priming, installing pre-formed FRP
plates around columns and jointing the plates by con-
tinuous fiber sheets which are pasted later, and injection
of shrinkage-compensating mortar into the gap between
concrete and FRP plate.

(3) Curing. In the case of outdoor construction, cur-
ing with vinyl sheets, etc., is necessary to avoid adhesion
of rain, sand, dirt and so forth. Careful attention must
be paid so that sheets do not touch the construction
surface. Hardening of resins is influenced primarily by
the temperature.

(4) Finishing. Upon confirmation of dryness by
touching with fingers, the finishing process can be
started. The finishing is mainly done by direct painting
or mortar application with tile or paint finish. A type of
finishing is determined in consideration of esthetics,
surface protection and, in some cases, fire resistance.
Presently, the fire resistance is based on two basic ideas:

a method using fire resistance covering such as mortar
and a method to re-reinforce fire-damaged areas.

This construction procedure is mostly common in all
the proposed methods. Construction methods other
than wrapping continuous fiber sheets include a method
using the strand of fibers to wrap around structures
while impregnating the strand with resins.

5.3.2. Area of application and objective

The area of application varies widely. Examples for
columns, beams, walls, floor slabs and chimneys are
included. Objectives of the strengthening are classified
into three categories: “shear strengthening”, “flexural
strengthening” and ‘“‘compressive strengthening”. The
methods mentioned above possess innate abilities of
anti-corrosion deriving from continuous fiber sheets and
of “deterioration prevention” due to FRP layers that
intercept water and gas from outside. The relationship
between classification of rehabilitation objectives and
the area of application is shown in Fig. 25. The shear
strengthening reinforces toward at right angles to the
member axis for columns and beams. An objective of
strengthening columns and beams against shear is to
increase ductility by raising the shear strength to exceed
the flexural strength. The flexural strengthening rein-
forces toward the axial direction of the structural
members. With regard to building columns, normally
the reinforcement against flexure is barely conducted
because of difficulty in executing the work. In the case of
columns, compressive strength and the compressive
ductility can be increased by confining the inner concrete
by closely wrapping the continuous fiber sheets laterally.

5.3.3. Characteristics of construction methods

Characteristics of the retrofitting method using fiber
sheets for construction are as follows:

(1) Construction period. The construction period dif-
fers greatly according to the construction target. In
general, however, the construction period of the con-
tinuous fiber sheet method is shorter than that of the
concrete jacketing or the steel plate jacketing methods.

(2) Total cost. The total cost of the retrofitting
method using fiber sheets varies according to the types
of construction. However, the total cost is normally

Objective of reinforcement Shear strengthening

(columns, beams, walls and openings)

Flexural strengthening
(beams, floor slabs and chimneys)

Compressive strengthening to increase ductility
(columns)

Prevention of deterioration
(chimneys, poles, etc.)

() area of application

Fig. 25. Classification of rehabilitation objectives and area of appli-
cation.
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equivalent to or slightly higher than that of the concrete
jacketing method and is often lower than that of the
steel plate jacketing method.

(3) Constructional workability. The concrete jacketing
method requires chipping of surfaces to maintain con-
tinuity between the new and the old concrete, arrange-
ment of reinforcing bars, form installation and concrete
casting. The steel plate jacketing method requires vari-
ous works that demand specialization and skilled
workers including anchor casting, field welding of steel
plates and mortar grouting. The rehabilitation method
using continuous fibers requires rounding off the cor-
ners, removing of the existing finishes and smoothing
the surface of concrete. However, because continuous
fibers can be wrapped directly around the structural
surface, works required in other methods namely chip-
ping, bar arrangement, welding, form installation and
concrete/mortar injecting, are no longer necessary.
Furthermore, work can be done in small areas, showing
good constructional workability compared to the con-
crete jacketing and the steel plate jacketing methods.
However, in order to obtain the reinforcing effect that
are assumed in the design, the quality of the resins and
the construction at the time of impregnating must be
properly controlled.

(4) Weight. Since the retrofitting method that uses
continuous fibers takes advantage of utilizing light-
weight materials such as fibers and resins, the increase in
weight can be ignored in the design. In addition, the
light-weight of continuous fibers can be transported in
rolls, making lifting machines unnecessary.

(5) Stiffness of members. When reinforcing against
shear, both the concrete jacketing and the steel plate
jacketing methods augment stiffness of the members.
Therefore, an increase of stress on structural members
during earthquakes must be taken into consideration. In
contrast, the rehabilitation method using continuous
fibers does not change stiffness of the members. Conse-
quently, rehabilitation work is carried out without in-
fluencing the balance of the structural members of the
buildings.

(6) Maintenance. Since continuous fibers are superior
materials against corrosion, maintenance, such as reg-
ular painting, is barely required.

(7) Impacts on construction workers and surrounding
people. The continuous fiber sheet method may produce
noise, dirt and vibrations slightly during the process of
base treatment. However, during other processes, the
method scarcely causes any effect that could harm the
residents or surrounding people.

5.4. Research and evaluation

Many researches on continuous fiber sheet wrapping
technique have been conducted, especially after the

Hyogoken-Nanbu Earthquake in 1995. Evaluations of
shear strengthening effect and ductility improvement are
the main target of these researches. Other researches on
strengthening effect of compressive ductility, flexural
strengthening, damaged columns by earthquake or
corrosion, columns with round longitudinal bars, col-
umns with side walls, columns without removing finish,
steel encased reinforced concrete columns, walls and
beams with slab have also been conducted.

These researches were reflected to the guidelines for
“Seismic Rehabilitation Design and Construction of
Concrete Buildings by Continuous Fiber Wrapping”,
which was published from the Japan Building Disaster
Prevention Association in September 1999.

5.5. Field application

Fig. 26(a) illustrates the use of carbon fiber sheets
since 1993. Consumption increased annually from the 6
ton level in 1993 to about 125 ton in 1996 and to about
250 ton in 1997. Although aramid fiber sheets are less
popular, they have also experienced steady growth due
to the commercial production, as shown in Fig. 26(b).
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Fig. 26. Change in the use of continuous fiber sheet.
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Fig. 27 shows the number of projects utilizing carbon
fiber sheets for repair and strengthening. There has been
rising use for bridges and buildings drastically, while
application to tunnels and stacks is only just a begin-
ning. Seismic rehabilitation is the main reason for using
carbon fiber sheets. Both Figs. 26 and 27 show a sudden
rise in the usage of continuous fiber sheets after The
Hyogoken-Nanbu Earthquake of January 1995.

Design and construction guidelines for the repair and
strengthening of structures using continuous fiber sheets
(with carbon fibers and aramid fibers) are currently be-
ing developed in a joint effort of government, research
institutes, and private sectors. It is, therefore, reasonable
to expect a continuing rise in demand for continuous
fiber sheets in the future.

5.6. Future perspective

The application of continuous fiber wrapping showed
a rapid increase for the last couple of years. Therefore, it
is undeniable that this method still lacks history of ex-
perience. Further propagation and application of this
method to wider range of subjects are expected as
studies on this method proceed. In order to achieve these
goals, the following subjects must be addressed in the
future:

(1) Since reinforced materials, in particular, rely their
structural performance on material characteristics, fur-
ther pursuit of material performance is desirable. The
performance and the construction conditions required
for the rehabilitation vary widely depending on target
structures and members. Therefore, development of
materials capable of dealing with this variety is most
desired.

(2) Establishing a standard test method of continuous
fiber reinforcing materials, which are new as reinforcing
materials, is indispensable for evaluating the material
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Fig. 27. Change in the number of rehabilitation projects using carbon
fibers.

quality and the structural performance of reinforcing
materials. Information on the subject matter is consid-
ered insufficient.

(3) The social trend of the structural performance
evaluation is shifting from the specification-based reg-
ulation to the performance-based regulation. The key-
word to represent the future design as well as the
rehabilitation design is the word “performance”. Fur-
thermore, the system must be established to allow in-
dicating performance of repaired or strengthened
structural members by means of the appropriate evalu-
ation method.

(4) In order to achieve unfailing reinforcing effect, the
quality maintenance of construction works is indis-
pensable. Therefore, the improvement of the construc-
tion method and the enhancement of the construction
management method are desired for achieving the stable
quality in easier and more dependable manners. In ad-
dition, it is essential to establish quality inspection
methods that are easy and effective.

(5) It is desired to establish the educational system for
engineers and technicians of structures, materials and
constructions concerning the rehabilitation using con-
tinuous fibers.

6. Seismic rehabilitation of existing buildings
6.1. Post-earthquake rehabilitation

Recently over 25 years, many buildings were reha-
bilitated after the damage by destructive earthquakes
using various types of techniques. The criteria for how
to restore a damaged building depend on the level of its
damage and the intensity of the earthquake which
caused the damage. Generally, they were rehabilitated to
upgrade their seismic performance so that they may
meet the requirement of code in force. The major aims
of the rehabilitation are to recover original function of
the building and to prepare measures against possible
stronger earthquake. Used techniques were in variety. In
early cases, mostly concrete shear walls were selected
because they were capable of providing large lateral
resistance. The shear wall strengthening, however, takes
disadvantages due to increased weight of the building,
and separation of space. Diagonal steel bracing is an-
other solution to provide large lateral resistance and
possible large displacement capacity of a building, in
addition, large opening for lighting without largely in-
creased weight followed by the rehabilitation. Buttress is
another solution to increase lateral resistance largely. It
does not disturb interior building space and function;
therefore, it is effective method when outer space is
sufficiently provided.
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6.2. Restoration of damaged buildings in Kobe

A large number of restoration works of damaged
concrete buildings were carried out during these five
years after the Hyogoken-Nanbu Earthquake. Then, in
appearance, it is hard to find the trace of the disaster in
the suffered area today. Many damaged buildings
needed repair for reuse while collapsed or some of se-
verely damaged buildings were demolished. The criteria
for restoration depend on damage level and the intensity
of the earthquake which damaged the buildings. Table 2
shows proposed criteria for restoration [16]. In the areas
which reported seismic intensities “6” (in JMA scale) or
greater, restoration by only “repair” was underway in
most of damaged buildings. The restoration design and
construction for damaged buildings were achieved fol-
lowing existing guidelines. Fig. 28 shows examples of
recommended repair techniques for reinforced concrete
buildings.

6.3. Pre-earthquake rehabilitation

Since the publication of the “Standards for Seismic
Capacity Evaluation of Existing Reinforced Concrete
Buildings” [5] in 1977, a large number of existing
buildings have been evaluated in a limited area. Partic-
ularly, several agencies, i.e., Shizuoka Prefecture, Yo-
kohama City and the Tokyo metropolis, in charge of
administration of a number of public buildings, have
performed the evaluation as a part of seismic counter-

measure program. Shizuoka Prefecture, where a mag-
nitude 8 or more severe earthquake is presumed, has
evaluated 1896 public buildings including schools, city
offices, hospitals, etc. by the year of 1986. Sixty-five or
more percent buildings were judged to be rebuilt or to
need rehabilitation. 465 buildings were actually reha-
bilitated during the period 1982-1987. The major con-
struction technique was to use concrete infiill walls so
that they may provide very high lateral resistance
against the presumed huge earthquake. However, in
later part of the project, steel systems were also used to
avoid the increased weight of building associated with
the strengthening and to provide large opening for
lighting.

Since the Great Hanshin-Awaji Earthquake Disaster
was a great shock to Japanese people, and the Law for
Promotion of Seismic Rehabilitation of Buildings was
enforced in 1995, almost every local government has
been promoting the seismic rehabilitation of official
buildings. Seismic capacity evaluation and seismic re-
habilitation of a large number of buildings were
coming out. Combinations of various techniques,
which are introduced in this paper, were applied in the
recent rehabilitation. One of the problems to be solved
in the many conventional seismic rehabilitation tech-
niques is that building cannot fully operate under re-
habilitation construction. It is a strong social demand
to solve this problem for current seismic rehabilitation
to prevent inconveniences and commercially disad-
vantages.

Table 2
Criteria for restoration of damaged buildings [16]*
Damage level Light Minor Medium Major Collapse
Seismic intensity scale (JMA) Lower than 5 O A X X X
5 O O A X X
Higher than 5 O O O A X

#Restoration by () repair; A repair or strengthening (need investigation in detail); x strengthening (need investigation in detail) or demolition.

Damage rank  Rank Il or less Rank IV
Sketch
of (. | L
damage
Repair Repair cracks Grout mortar Jacket with concrete
method Repair cracks and or cast concrete Jacket with steel plate
partial loss Jacket with welded wire and grout mortar

of concrete
Repair partial loss
of concrete

fabrics and mortar
Jacket with steel plate
and grout mortar

Jacket with steel plate
and vertical reinforcement
and grout mortar

Fig. 28. Repair and strengthening of damaged concrete columns [17].
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6.4. Behavior of rehabilitated buildings during earthquake

Most of extensively rehabilitated buildings have not
yet experienced strong ground motion. Only a couple of
cases of buildings, which experienced strong ground
motion after rehabilitation, were reported. The follow-
ing are the buildings in such cases.

A three-story reinforced concrete building suffered
severe damage to the first-story columns due to the
earthquake of 1968. The building was rehabilitated with
shear walls at the damaged first story. As a result, only
the unstrengthened second story columns suffered severe
shear cracks due to the recent earthquake of 1994. While
an adjacent building which was rehabilitated up to sec-
ond story did not suffer any severe damage. Importance
of balanced configuration of strengthening elements is
indicated in this case [18]. It is also indicated that the
building could have been badly damaged if it had been
rehabilitated with repair alone and without structural
walls.

The other case is an old building constructed in 1918
in Kobe City whose seismic rehabilitation was completed
10 months before the event of 1995. Existing brick walls
were confined by new concrete frames and existing con-
crete frames were reinforced with new steel frames ar-
ranged along with the existing frames. As a result of the
countermeasure, the buildings did not suffer any damage
while some other buildings suffered severe damage in
the same area. This is a very encouraging case to indicate
the effectiveness of pre-earthquake rehabilitation.

7. Subjects to be considered in the future
7.1. Performance-based engineering

One of the lessons from the Great Hanshin-Awaji
Earthquake Disaster is that most new buildings designed
and constructed according to the present seismic codes
showed fairly good performance for preventing severe
structural damage and/or collapse. However, the prob-
lem was that the seismic performance of buildings ran-
ged widely from the level of collapse preventing to
function keeping, which is not identified by the present
seismic codes. Neither building owners nor users un-
derstood performance level of buildings. Therefore, it is
strongly needed to develop more rational seismic design
codes based upon the performance-based seismic design
concept, where the performance of buildings including
structural and functional safety during and after earth-
quake, and reparability after earthquake are explicitly
explained.

Ministry of Construction, Japanese Government, is
revising the Building Standard Low as performance-
based regulations. Since the code is a minimum

requirement, evaluation and indication system for the
performance beyond the code requirement is also under
developing. Though these actions are for the newly
constructed buildings in present, a performance-based
engineering system may also be applied for the seismic
evaluation and rehabilitation. The objective of the ap-
plication of performance-based engineering is to control
damage in accordance with the type of buildings and
their occupancy.

7.2. Effective rehabilitation techniques without hindrance
of building operation

Since many types of seismic rehabilitation work may
produce dust, noise, vibration and chemical smell gen-
erally and use fire in some cases, effective rehabilitation
technique that can prevent these problems must be es-
tablished in order to operate buildings even under the
seismic rehabilitation. To prevent inconveniences and
commercially disadvantages is a strong social demand
for seismic rehabilitation techniques.

Many projects to develop new techniques to meet this
requirement have been conducting. The research topics
of these projects are application of easy, fast and clean
methods for seismic rehabilitation.

8. Concluding remarks

The present state of techniques for seismic rehabili-
tation of existing buildings has been overviewed based
on the survey of literatures and data of research and
practice. The results of the review are summarized as
follows:

1. Many typical techniques to strengthen existing struc-
tures have been well investigated with respect to their
improved performance, and they have been utilized.

2. In addition to conventional seismic resistant type re-
habilitation techniques, other approaches to isolate
an existing structure from the ground shaking or to
supplement energy dissipation devices to reduce seis-
mic response have been adopted recently. Seismic iso-
lation can be applied to critical or essential facilities,
buildings with expensive and valuable contents, and
structures where superior seismic performance is de-
sired. Their applications are only in small number
now; however, they will be widely used in future.

3. Rehabilitation techniques may be selected in accor-
dance with required performance level. Generally,
the seismic rehabilitation is achieved to upgrade the
original performance to the current code level. How-
ever, the codes do not clearly figure out the post-
earthquake condition of designed buildings. Design
approaches corresponding to more detailed required
performance level will be necessary.
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4. A performance-based engineering system should be
applied for the seismic evaluation and rehabilitation
to control damage in accordance with the type of
buildings and their occupancy.

5. The effective rehabilitation techniques must be estab-
lished to meet the strong social demand that buildings
can be operated even under the seismic rehabilitation.
It is a hard task and it takes a long time to complete

the seismic rehabilitation of vulnerable buildings and

houses; however, it should be implemented to mitigate
disaster due to future earthquakes.
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