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*Note: n is a cyclic number determined for cyclic loading tests
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Preface

Current structural deisgn concept has been moving toward the performance-based design.
The performance-based design (PBD) concept is the design concept to realize the strucutures
which have the necessary requirements rather than the specific design in which the materials
and structural details. Threfore, the PBD concept allows designers to select solutions which
satisfy the performance requirement other than the standardized design. It is prerequisite that
the selected solutions have to be verified. The PBD concept aims at the promotion of
development of new technology as well as the better presentation of the performance of the
strucutures.

In December 2001, the Ministry of Land, Infrastructure and Transport (MLIT) noticed the
revision of the Specifications for Highway Bridges (SHB) in order to point the PBD needs in
view of the changing conditions such as the internationalization of structural design standards,
diversification of structural requirements, the need for specific measures to satisfy the
maintenance and durability requirements for structures, and the need for early adoption of cost
effective technology. The foundamental philosophy behind the performance-based provisions of
the Specifications for Highway Bridges, Part V: Seismic Design ("SHB-V") is to permit various
solutions to meet the performance requirements, which was not permitted to under the
conventional standards, and select the best solution by specifying seismic performance goals
and methods for verifying that those goals will be achieved.

Conventional seismic performance verification methods of bridges can be classified either
as a static verification method based on the seismic coefficient method or a dynamic
verification method based on dynamic analysis methods such as time history response analysis.
Concrete calculation procedures used in these methods are described in SHB-V. SHB-V
specifies methods of seismic performance verification based on analysis, but seismic
performance verification methods also include verification methods based on experimental
studies. For example, in cases where the seismic behavior of a bridge to be built by a newly
developed construction method or the strength, deformation capacity or nonlinear hysteresis
characteristics of its members are not known clearly or in cases where phenomena that are
difficult to analyze need to be allowed for in seismic design, it is necessary to determine these
characteristics or other unknowns experimentally so that the results obtained can be reflected in
seismic performance verification.

Testing methods used to verify the seismic performance of the entire bridge or the strength,
deformation capacity or nonlinear hysteresis characteristics of bridge members include
quasi-static cyclic loading, quasi-dynamic loading, shake table tests and so on. No standard
testing protocol concerning these testing methods exists. So, at present, different contractors
and researchers use their own testing know-how under the various restrictions of the testing
facilities. There are cases, however, where test results for identical structures vary depending
on such factors as the methods of design and fabrication of test specimens, loading method,
measurement method, and the definitions of yielding and ultimate states. This problem requires
special attention when evaluating seismic performance on the basis of test results.

Dealing with the quasi-static cyclic loading test and the shake table test widely used for
the evaluation of the seismic performance of bridge members, this Guideline proposes standard
procedures and matters that should be standardized for tests that could yield different results
depending on the test methods used.

It should be noted here that this Guidelines are written as a format of standard, but they are
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not the standard to be followed. They are the reearch outcomes and contain the proposals to be
solved in future with the progress of the PBD and verification methods.

The research was made as a cooperative research project with Turner-Fairbank Highway
Research Center, Federal Highway Administration, U.S. Department of Transportantion. The
“Reccomendations for Seismic Performance Testing of Bridge Piers (Chaired by Dr. W. Phillip
Yen)” will be published.
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1. General

1.1 Scope

This Guideline describes standard methods of quasi-static cyclic loading tests and shake

table tests conducted to evaluate the seismic performance of bridge structural members.

This section specifies the types of structural members to be tested in accordance with this
Guideline and the types of tests to which this Guideline is applicable.

Tests conducted to verify the seismic performance of bridges include material tests
performed to examine the basic mechanical properties of materials such as the stress—strain
relationship, soil tests carried out to investigate the mechanical properties of soils, tests of the
entire bridge system, and element tests of members such as piers, bearings, foundations,
superstructure and unseating prevention structures.

When verifying the seismic performance of a bridge, it is necessary to select appropriate
test methods according to such factors as the purpose of the test and the method by which to
reflect test results in seismic design. Test methods that can be used include shake table tests and
quasi-static cyclic loading tests. Table-1.1 shows examples of purposes of tests and
considerations in selecting the types of test. The purposes of experimental tests shown in
Table-1.1 are representative ones, and tests are conducted for many other purposes. Besides
shake table tests, established methods include a hybrid loading test method in which analysis
and testing are used in combination to investigate the response of a bridge to ground motion
without using a shake table.

Various test methods can be used to evaluate the seismic performance of bridges. This
Guideline deals with tests of bridge piers (columns) that become plasticized and absorb energy
during strong earthquakes. Quasi-static cyclic loading tests are widely practiced used for the
purpose of verifying the strength and ductility characteristics of bridge piers. Shake table tests
are also used to investigate the mechanism of earthquake-induced failure or verify mechanical
models. This Guideline, therefore, focuses deal mainly with the fundamentals of quasi-static
cyclic loading tests and shake table tests of RC bridge columns.
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Table-1.1 Purpose of Experimental tests and Examples of Applicability

Viewpoint

Examples of subjects of study

Examples of applicable
test methods

Behavior of
bridge system

entire

e Verification of seismic performance of an
entire bridge system

* Study on dynamic characteristics, such as
vibration characteristics and damping
characteristics, of an entire bridge system

* Study on the influence of input earthquake

Shake table test
Vibaration tests of real
structures

motion phase differences on the seismic
response of a bridge
Interaction between |  Study on  dynamic interaction  of |
members soil-foundation system
e Study on dynamic interaction of
pier—bearing—superstructure system Shake table test
e Study on dynamic interaction of Hybrid loading test
pier—foundation system
* Study on collision of superstructure ends _
» Study on strength, ductility characteristics and |
hysteresis characteristics of foundation in
soil-foundation system \
 Study on strength, ductility characteristics and Cyclic loading test
hysteresis characteristics of a structure
integrating superstructure and piers u
* Seismic behavior of foundation on liquefied | Centrifuge test
soil
Dynamic * Study on nonlinear seismic behavior of bridge | Shake table test
characteristics of | piers
members » Study on strength, ductility characteristics and )
hysteresis characteristics of superstructure
» Study on strength, ductility characteristics and
hysteresis characteristics of bridge piers >Cyclic loading test
¢ Study on structural details for ductility
enhancement
* Study on strength, ductility characteristics and )
hysteresis characteristics of foundation
* Study on dynamic properties of bearings Bearing test
* Study on dynamic characteristics of unseating | Collision test
prevention structures
Fundamental * Study on stress—strain relationship for | Compression test
mechanical concrete Tension test
properties * Study on stress—strain relationship for steel Bond test
» Study on bond characteristics of concrete and
steel Cyclic hollow cylinder

* Study on shear modulus—shear strain
relationship for soil
* Study on cyclic triaxial strength ratio for use

in liquefaction evaluation

torsion test
Cyclic triaxial test
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1.2 Types of test and definitions

The definitions of the test methods used in this Guideline are listed below.
1) Quasi-static cyclic loading test

A test in which force or deformation is directly applied to a test specimen alternately in the
opposite directions.
2) Shake table test

A test in which a test specimen is setup on a shake table, and inertia force is applied to the
test specimen by shaking the table simulating ground motion during an earthquake.
3) Hybrid loading test

A test in which as restoring force characteristics of a test specimen are continuously
measured, response values are computed and force or deformation is directly applied to the test
specimen by a loading device; so called because both testing and calculation are performed.

4) Material test

A test conducted to investigate the strength properties, deformation properties, stress—strain
relationship and other characteristics of particular materials.
5) Centrifuge test

A loading test in which loading is performed by generating gravity by a centrifuge in cases
where a force field similar to the gravity field needs to be created; often conducted to test soil
materials.
6) Dynamic loading test of real structure

A test in which the natural vibration properties, damping properties, etc., of a structure are
measured in terms of vibration generated by steady-state excitation by a vibration exciter or by
dropping a heavy object such as a vehicle
7) Collision test

A test conducted to investigate the resistance properties and failure behavior of structures

subjected to collision with other structures or collision with speeding vehicles, etc.

This section describes and defines the types of tests described in these Guidelines.
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2. Material tests

2.1 Concrete

If concrete is used for test specimens, compressive strength tests of concrete shall be
conducted in accordance with JIS A 1108 on the day of the test in which the test specimens are

used. In the compressive strength tests, elastic modulus shall also be determined.

Concrete strength is part of the information essential for the analysis of test results.
Therefore, besides the strength tests necessary for the quality control of concrete, strength tests
on identical concrete material properties shall be conducted on the same day as the
experimental test is carried out. If there are two or more test specimens cast from the same
batch of concrete and those specimens are tested on different days, testpieces shall be prepared
so that strength tests can be conducted on each of the test days.

There are many types of strength tests for concrete, but information necessary for
analyzing the test results for the specimens used is usually compressive strength and elastic
modulus. Tensile strength generally does not need to be tested because methods for estimating
tensile strength from compressive strength have been proposed. In cases, however, where
accurate tensile strength values are needed in, for example, tests focusing on cracking, it is also
recommended to conduct tensile strength tests.

Actual strength test procedures should follow the JIS provisions mentioned above.

2.2 Steel

If steel is used for test specimens, tensile strength tests of steel shall be conducted in advance
in accordance with JIS Z 2202 and JIS Z2241. In the tensile strength tests, elastic modulus shall
also be determined.

The yield point, tensile strength and elastic modulus of steel are part of the information
essential for the analysis of test results. Tensile strength tests, therefore, shall be conducted for
all types of steel used in the test specimens. In the tensile strength tests, elastic modulus shall
also be measured.

Actual tensile test procedures shall follow the JIS provisions mentioned above.

2.3 Stress—strain relationship for materials

The stress—strain relationship in the case where concrete or steel is subjected to tensile force,
compressive force or alternating forces shall be determined after designing test specimens
properly and setting the range of strain measurement appropriately.

When evaluating the strength or deformation characteristics of structural members based
on in terms of stress level, it may be necessary to use the stress—strain relationships for
materials such as concrete and steel. In such cases, careful consideration shall be given to test
specimens and loading methods used to determine the stress—strain relationship, for example, to
the confined effect of of concrete on the stress-strain relationship, deteriolation effect by cyclic
loading on the concrete and steel materials and the effect of buckling.

Fig.-2.1 shows an example of uniaxial compression tests of confined concrete columns to
obtain the stress-strain relationship. In the tests, the large size columns with a diameter of 50cm
were used.

_50_



50 T T
|
og ; Experment
I - Calculate
~ | T
Z. | |
p—_
o 30 - = e -
w2 | |
() | |
E | |
wvn 20 -4 --—----- l—— - t- -
| |
(] | |
2z I I
| |
a 10 - e S
() | |
= | |
- » »
S 0 0.005 001 0015

Strain
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Fig.-2.1 Example of Uniaxial Compression Test of a Large Scale Column

3. Quasi-static cyclic loading test of structural members

3.1 Purpose

Cyclic loading tests are conducted to investigate the following:
1) Progress of damage due to applied load or load-induced displacement
2) Dynamic strength, ductility characteristics
3) Hysteresis characteristics of load—displacement relationship
4) Response values of curvature, strain, etc.

This section indicates the purpose of quasi-static cyclic loading tests. The cyclic loading
test is a test method widely used to investigate the dynamic strength, ductility and failure
characteristics of structural members such as reinforced concrete members and steel members.
The method is often used to investigate the behavioral characteristics including failure behavior
in the inelastic range of structural members.

3.2 Design and preparation of test specimens
3.2.1 Materials used

Materials for test specimens shall be identical to the materials used to construct the actual
structure for which the test is to be conducted. In cases, however, where the purpose of testing
requires the use of special materials, the fundamental material properties shall be investigated

by, for example, conducting material tests in advance on an as-needed basis.

This provision stipulates that in a test conducted to verify the seismic performance of
structural members, the materials used to make test specimens be identical to the materials used
for the structure to be constructed.

In cases where special materials are used in a test to be conducted to verify the effect of
seismic retrofit or in cases where there is no choice but to use materials different from the
materials used for the structure to be constructed, it is advisable to investigate the fundamental
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material properties and evaluate their applicability in the test specimens.

3.2.2 Design of test specimens and law of scaling

1) Test specimens shall be designed taking into consideration the restrictions associated with
the loading actuators to be used, and the scale of the test specimens shall be determined so
that the test specimens properly reflect the structural properties of the actual structure.

2) Scaled down test specimens shall generally be designed in accordance with law of scaling.
Particularly in cases where the determination of structural details could have an important
effect on test results, structural details shall be designed carefully in accordance with law of
scaling. In cases where structural details significantly deviate from law of scaling, possible

effects shall be studied carefully and test results shall be compensated as necessary.

(1) In a test conducted to verify the seismic performance of a structure, test specimens used
shall ideally be made as large as possible so as to minimize the size effect. Because of
restrictions associated mainly with loading actuaters and cost, however, scaled down test
specimens are usually used. In designing test specimens, it is necessary to select an appropriate
scale, taking law of scaling and the size effect into consideration.

(2) Structural details of test specimens should generally be designed in accordance with law of
scaling. For example, in the case of a test conducted to verify the ductility performance of a
reinforced concrete column to be used as a single-column pier, it is important not only to make
the longitudinal reinforcement ratio and the hoop volumeric ratio as close to those of the actual
structure as possible, but also to properly set the relationship among the diameter of the
longitudinal bar, hoop spacing and thichness of cover concrete in accordance with law of
scaling. The reason is that the structural details mentioned above significantly affect plastic
hinge length by recent studies. This is because the use of large-diameter longitudinal bars or
thick cover concrete under law of scaling causes the plastic hinge length for the test specimens
to become relatively longer than that for the actual structure so that ductility becomes larger. If
relatively thick longitudinal bars are used in a column, elongation from the footings increases
and the angle of rotation at the base of the column increases so that the ductility of the test
specimens is overestimated.

As the reduction ratio increases, there could be cases where very thin bars that are even
thinner than those specified in the standards would have to be used if law of scaling were to be
followed strictly. In such cases, the material properties of rebars or the bond characteristics
between rebars and concrete could differ from the actual behavior, thus causing a new size
effect problem. Thus, the decision to use excessively thin rebars in order to stick to law of
scaling is not necessarily a good judgment. In order to prevent problems of this kind, therefore,
it is desirable to use as large test specimens as possible for cyclic loading tests.

In tests conducted to verify the shear strength of reinforced concrete members, it is
necessary to pay attention to the maximum aggregate size of the concrete. It is generally said
that since the shear resistance carried by concrete is generated by the interlocking effect of
aggregate, the shear resistance is affected by aggregate size. In view of the fact that the sizes of
aggregates that are readily available are limited, and that in the case of special concrete
containing small-size aggregate, fundamental mechanical properties such as compressive
strength characteristics and the elasticmodulus are likely to be influenced by aggregate size.
Thus, use of small-size aggregates so as to follow law of scaling could be problematic. When
determining the maximum aggregate size, therefore, it is advisable to evaluate test results,
keeping in mind the possible influence of the size effect.
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There is an example of a study of the influence of the relationship between the diameter of
longitudinal bars, hoop spacings and the cross-sectional dimensions on plastic hinge length.
Fig.-3.2.1 shows differences in the diameter and number of longitudinal bars could influence
cyclic loading test results even if the longitudinal reinforcement ratio is the same (1.0%). In the
example, comparison is made between the case where 48 D10 bars are used as longitudinal
reinforcement and the case where 28 D13 bars are used as longitudinal reinforcement. As shown,
the displacement at the beginning of spalling cover concrete and decreasing lateral force is
greater in the D13-bar case than in the D10-bar case, indicating that there is difference in
seismic performance between the two cases. This is because thicker longitudinal bars lead to
greater buckling lengths so that damage occurs in a larger area as shown in Fig.-3.2.1 and
plastic hinge length increases.

Fig.-3.2.2 shows the relationship between the diameters of longitudinal bar ratio and
plastic hinge length for the test specimens whose only primary test parameter is the longitudinal
bar diameter [1]. The longitudinal bar diameter ratio is a value obtained by making the
longitudinal reinforcement diameter dimensionless by use of the cross-sectional dimensions.
The plastic hinge length shown in Fig.-3.2.2 has also been made dimensionless by use of the
cross-sectional dimensions. As shown, for both the square cross section and the circular cross
section, plastic hinge length increases as the longitudinal bar diameter ratio rises.

For reasons similar to those in the case of the siameter of the longitudinal bar, hoop
spacing in a scaled down model often becomes relatively large in comparison with the hoop
spacing used in the actual bridge piers if the hoop volumeric ratio is to be retained. Fig.-3.2.3
shows the relationship between hoop spacing and plastic hinge length for the test specimens
with different cross-sectional dimensions and hoop spacings at hoop ratios by volume of about
0.3% and 1.0 %. As shown, at the hoop ratios by volume of both 0.3% and 1.0%, plastic hinge
length tends to increase as the ratio of the cross-sectional dimension to the hoop spacing
increases. It can be said, however, that sensitivity level is lower than in the case of the
influence of the longitudinal bar diameter ratio.

The cyclic loading test using full-scale reinforced concrete columns to study the size effect
on the ductility characteristics is shown here. Photo-3.2.1 shows the tested specimen with the
square section of 2.4mX2.4m which has world largest specimen used for the cyclic loading tests.
At the same time, scaled down model with length of 1/4 and the scale effect oj the ductility was
studied through the comparison between two specimens. Fig.-3.2.4 shows the comparison of
force-displement relations between two specimens. For the scaled down model, the force is
correct by the scale factor based on the similality. Fig.-3.2.4 shows the force-displacement
relations agree well between two spesimens. The maximum force of the full scale model is a
little bit larger than that of the scaled model because of the difference of the strength of
longitudinal re-bars used.

Thus, there are cases where differences in ductility occur between the actual bridge pier
and a scaled down model if the reinforcement details of the scaled down model do not
correspond to the reduction ratio for the cross-sectional dimensions. In order to reflect scaled
down model test results in seismic performance verification, it is necessary to give
consideration to the influence of the size effect as described above.
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3.2.3 Number of test specimens

1) The number of test specimens of each type shall be determined appropriately, taking into
consideration failure characteristics and the variability of test results.

2) For a cyclic loading test to be conducted to verify ductility of flexural failure type
reinforced concrete members, only one piece of each type of test specimen usually suffices.

3) For a cyclic loading tets to be coducted to verify the performance with any variation
including shear strength, the number of test speciments shall be determined depending on
the variation characteristics.

(1) In order to allow for the variability of material properties, material tests on concrete and
steel are conducted on three test specimens (testpieces), and the material properties are
evaluated in terms of the average values of the test results. Since, however, cyclic loading tests
on structural members are more time- and cost-consuming than material tests, a reasonable
number of test specimens shall be used in view of failure properties and the variability of test
results.

(2) Test results for ductilty characteristics of flexural failure type reinforced concrete members
vary little if the structural details of test specimens are identical. Therefore, the number of test
specimens required is only one.

Fig.-3.2.5 compares the results of cyclic loading tests conducted on two identical square
cross-sectional test specimens, each having a cross-sectional dimension of 600 mm and a shear
span ratio of 5.0, under identical loading conditions. One of the two tests was conducted 2.5
years before the other test, though the measurement methods used were identical. As shown, the
test results for the two specimens agree closely in a number of characteristics that are important
in seismic performance evaluation, such as elastic stiffness; lateral strength of pier; the fact that
the longitudinal bars began to buckle during the loading from the second to the third cycle of
60, loading; displacement at the time lateral force began to decrease; and the hysteresis curves
after the lateral force began to decrease. These test results also indicate that in cyclic loading
tests on flexural failure type reinforced concrete members, the influence of differences between
test specimens on test results is very small.

(3)In cyclic loading tests, however, conducted for the purpose of verifying the shear strength of
shear failure type or shear failure aftr flexural yielding type reinforced concrete members, there
could be significant differences, even among identical test specimens, in average shear stress
that can be resisted by concrete. This shall be kept in mind in drawing up test plannings.
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3.3 Measurement items and measurement methods

1) The standard measurement items of a cyclic loading test are the load from the loading
system and the displacement of test specimens. Other measurement items, such as the
curvature of cross section and steel strain, shall be added depending on the purpose of
testing.

2) In order to ensure accuracy of measurement data, measuring methods appropriate for each
measurement item shall be selected. All measuring instruments to be used shall be checked
in advance. During the preloading test described in 3.4.2, it shall be confirmed that the

measuring instruments are functioning normally even during loading.

(1) Measurement items shall be selected depending on the purpose of testing. In general, the
load from the loading system and the displacement of test specimens are essential measurement
items in all cyclic loading tests for bridge piers. Other measurement items include the curvature
of cross section, steel strain, concrete crack width, and elongation of longitudinal bar from
footing. Measurement of these items shall be performed depending on the purpose of testing
and the degree of necessity of these items. When verifying ductility characterisitcs of bridge
piers, it is advisable to measure the cross-sectional curvature and the elongation of longitudinal
bars from the footing.

(2) Determination of the mechanical properties of inelastic members is important in cyclic
loading tests. After the occurrence of plasticization, the test cannot be started over again. It is
therefore necessary to follow proper measuring procedures so that accurate data can be obtained
for each of the planned measurement items and to check in advance the functioning of the
measuring instruments to be used.

Important points to remember about measurements to be performed in cyclic loading tests
are summarized below.

1) Data measurement system

In cases where the loading speed is high and the loading actuator is not stopped for data
measurement, use of dynamic strain gauge and amplifier as part of the data measurement
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system is recommended. Digital type data recorders have come into wide use in recent years. A
rule of thumb is to use a sampling frequency more than 20 times higher than the loading
frequency.

In cases where the loading apparatus can be stopped for data measurement, static strain
gauges shall be used. Static strain gauges and amplifier shall also be used for data measurement
in cases where the loading speed is low enough to prevent adverse effects of slow data
measurement.

2) Measurement of load and displacement
(a) Load

Loads are usually measured electrically by using load cells. Load measurements are
recorded in synchronization with other measurements. Load cells are installed in loading
actuator in many cases, though there are cases where loads are measured by using load cells
installed at the connection between the loading equipment and the test specimen.

(b) Displacement

Displacement is usually measured with displacement transducers. Lateral displacement
and vertical displacement are measured. Lateral displacement is usually measured at the
location where loads are applied by the loading actuators. In cases where the deformation mode
of members is measured, lateral displacement shall be measured with a displacement meter
aligned with the member axis direction. Vertical displacement is measured when shrinkage in
the longitudinal direction of a column is measured.

Lateral displacement at the loading point is measured with a displacement transducer
installed in the loading actuator or a displacement transducer installed between the test
specimen and a reference point (stationary point). In cases, however, where a jig such as a
loading plate is used between the loading equipment and the test specimen, the deformation of
the test specimen shall be measured directly with a displacement transducer because of
including the effect of the deformation of jig and relaxation of bolts. In a test in which the
loading speed is high, use of measuring instruments with excellent dynamic characteristics,
such as variable inductance type or cantilever type displacement meters or a laser displacement
measuring system, should be considered.

3) Strain

In the case of reinforced concrete members, strain measurement involves mainly steel
strains. To attach a strain gauge to a reinforcing bar, first polish the measurement area of the
reinforcing bar surface so that a strain gauge base can be attached flatly. Then, clean the
polished surface and attach the strain gauge. After that, it is good practice to coat the strain
gauge area for waterproofing.

To measure steel strains, it is good practice to attach two strain gauges on opposite sides of
the reinforcing bar so that flexural steel strains can be cancelled out. The lead wire of the strain
gauge shall be taken out so that it will not interfere with the test. Care should be taken, when
preparing a test specimen, not to take out the lead wire from an area where damage is expected.

4) Curvature

Curvature is measured mainly in cases where elasto-plastic behavior in a cross section near
a plastic hinge, or plastic hinge length is to be evaluated. In the United States and New Zealand,
the concept of plastic hinge length has long been in use in the evaluation of ductility of
reinforced concrete bridge piers, so curvature measurement is widely practiced as part of cyclic
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loading tests. In Japan, the evaluation of ductility based on plastic hinge length and the
measurement of curvature have also been practiced since the Specifications of Highway Bridges
in 1996. When verifying ductility on the basis of not only the ductility ratio based on lateral

Loading Direction
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Dlstance from the Neutral Axis
Displacement Polystyrene

Transducer for ) Displacement
Curvature ’/ Displacement  Transducer
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\ I~ 1 Measurement [

ozt e
oz e

/

Fig-3.3.1 Example of Curvature Measurement of RC Column Specimen

displacement at the loading point location but also curvature in the plastic hinge region and
plastic hinge length, it is good practice to measure curvature.

Lateral displacement ¢ at the column top of a cantilever-type reinforced concrete pier
dominated by bending can be calculated, according to the bending theory, as;

5=f¢'ydy (3.1.1)

where,
¢ : curvature at cross section at distance y from column top
y: distance from column top
H: height of column top from column base

The calculation of lateral displacement at the top of the column from Eq. (3.3.1) requires
information on the vertical distribution of curvature. It is very difficult, however, to
analytically determine the vertical distribution of curvature at the time the damage generally
thought of as an ultimate state in seismic design, that is, the damage at the time buckling of the
longitudinal bars and spalling of the cover concrete. The purpose of measuring curvature in
cyclic loading tests is to investigate the curvature distribution at the time such damage occurs
so that local lateral displacement can be rationally calculated from Eq. (3.3.1).

Curvature is an index defined for each cross section, and it is difficult to measure the
curvature at a given cross section. In general, curvature at a plastic hinge or a nearby
cross-sectional region shall be measured by the method shown in Fig.-3.3.1. Thus, a
measurement section length is defined in the direction of column height, relative displacement
near the extreme compression fiber and the extreme tension fiber in that section is measured,
and from the measured values thus obtained, the average curvature at a cross section in the
measurement section is calculated;
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AT_AC
=— 3.3.2
b=—r" (3.3.2)

t

where,

¢ : average curvature at a cross section in the measurement section

Ar, Ac: relative displacement near the extreme tension fiber and the extreme compression

fiber in the measurement section

D,: distance between the displacement transducers located on the compression and tension
sides

h: length of the measurement section, which shall not be greater than 0.25 times the

cross-sectional dimension in order to measure curvature distribution accurately

Curvature measurement expressed in Eq. (3.3.2) is in wide use in Europe, the United States
and New Zealand. It is to be noted, however, that a curvature value obtained by this method is
not a curvature at a particular cross section, but the average curvature at cross sections in the
measurement section.

The displacement transducer for curvature measurement should be installed at a distance
not less than thickness of the cover concrete from the test specimen. The reason is that when
inelasitic deformation progresses and the cover concrete begins to spall, the bulging cover
concrete can be prevented from immediately coming into contact with the displacement
transducer. Care should be taken, however, because if the displacement transducer is too far
from the test specimen, accuracy of curvature measurement could be reduced. When preparing
test specimens, it is necessary to preinstall steel bars to which to secure displacement
transducers. Good practice is to anchor these steel bars into the core concrete and to protect the
bars with expanded polystyrene or other materials in order to prevent the bars from being bent
under the influence of spalling of the cover concrete.

Curvature is measured mainly for the purpose of analyzing the flexural deformation of a
cross section in the plastic region. Therefore, the measurement section only needs to cover the
area that is expected to become a plastic hinge region. In the case of a cantilever type
reinforced concrete bridge pier, for example, the region in which curvature and its distribution
need to be measured is the section from the pier base to a height of about 1.5D (D: cross
sectional dimension).

5) Elongation of longitudinal bars from footing

If flexural inelastic deformation occurs at the column base of a structure consisting of a
column connected to a massive concrete structure as in the case of a reinforced concrete
pier—footing connection, the longitudinal bars anchored in the column begin to elongate and
become exposed. The reason for this is that tensile strains in the longitudinal bars expand into
the massive concrete so that integrated values of these strains appear at the column—footing
connection in the form of the elongation. Then, the elongation of the longitudinal bars causes
rotational deformation at the pier base so that part of the deformation caused by the loading
actuators at the loading point is absorbed by the rotational deformation.

Thus, deformation of a reinforced concrete pier (column) consists of two components:
flexural deformation of the pier column and rotational deformation of the pier base caused by
elongation of the longitudinal bars. In a cyclic loading test, therefore, it is desirable to measure
these two components separately.
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As shown in Fig.-3.3.1, in connection with the rotational deformation at the column base
due to elongation of the longitudinal bars, relative displacement is measured with displacement
transducers located in the regions slightly above the top and base of the footing at both outer
extreme compression and tension fibers, and rotational deformation is determined by dividing
the differences between the measurements obtained from the two displacement transducers by
the distance between the two displacement transducers. In this measurement, the ratio of the
length of the relative displacement measurement section to the cross-sectional dimension needs
to be minimized. In cases where the measurement section length cannot be made small because
of restrictions associated with the setup of the measuring instruments and jigs, it is necessary to
measure strain in the longitudinal bars in the cross section at the middle of the measurement
section length and evaluate elongation by subtracting the displacement corresponding to the
value obtained by multiplying the measured value by the measurement section length.

The method shown in Fig.-3.3.1 has a couple of problems: the elongation of the
longitudinal bars in the measurement section is included in the measured values, and as the
cover concrete begins to spall, the bulging concrete comes into contact with the displacement
transducer, hampering further measurement of longitudinal bar elongation. An alternative
method is shown in Fig.-3.3.2 [2]. In this method, a wire is secured to a longitudinal bar in the
cross section at the column base and the wire is sheathed and led out of the fixed stub, and
elongation is measured by measuring the movement of the wire. In this method, wire length can
be minimized if a blockout is formed in the stub and a displacement transducer is installed in
the blockout so that there is no need to lead the wire out of the stub.

If, however, longitudinal bar elongation is measured by the method shown in Fig.-3.2.2, it
is necessary to take a number of precautions:

(a) Minimize friction between the wire and the sheath.

(b) Do not bend the sheath sharply.

(c) Secure the wire so that it does not come off even if large plastic tensile strains occur in the
longitudinal rebar.

(d) Make sure there is no slack in the wire even when longitudinal bar elongation decreases (i.e.,
when the wire is pushed back).

(e) Anchor the wire and the displacement transducer so that elongation and contraction
transmitted through the wire can be measured accurately (i.e., without backlash).

(f) Make sure that the connection between the longitudinal bar and the wire is not broken or the
sheath does not move out of position during the placement of the concrete.
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Usually, measurement of elongation shall be performed for only one longitudinal bar at the
outer edge of each flange.

6) Shear deformation

For a reinforced concrete column with low shear-span ratio, bending and shear
deformation is developed with loading. In particular for the shear failure type columns, the
shear degormation is predominant in the deformation. Photo-3.3.1 shows a example to directly
measure the seahr deformation. The displacement sensors are installed on the dioagonal lines
and the shear deformation is calculated from the displacement.

Photo-3.3.1 Example of Measurement of Shear Deformation

Loading Direction
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Measurement T Measurement
\~\ \\
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Fig-3.3.2 Example of Elongation Measurement of Longitudinal Bar
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3.4 Loading method

3.4.1 Setup

1) Actuators and test specimen shall be setup so that the loading condition for the specimen is
equivalent to that for an actual structure.
2) Measured force value shall be modified appropriately in case that the setup condition

between the loading actuators and the specimen differs from atcual loading condition.

(1) In case of cyclic loading test, force or displacement corresponding to seismic force is
applied for the specimen using the loading actuator. If additional acting forces like dead load is
considered, these forces are generally applied simultaneous by just as force or displacement
corresponding to seismic force.

For example, axial force corresponding to the dead load of superstructure is applied for the
RC pier for the member axial direction. It is general to apply axial force to the RC pier
specimen because this force has an effect on the ductility performance and shear strength.
Quasi-static cyclic loading test of the column that lateral and varying axial forces are applied
during an earthquake is carried out, lateral force or displacement is applied with varying axial
force.

In case that the difference of test results is small by reason of applying small additional
forces, or in case that objective of the test is accomplished without applying the additional
forces, the quasi-static cyclic loading test can be carried out without additional forces.

(2) There are many ways to set up the loading actuators and specimen by the test facilities
conditions. Therefore, measured force value obtained by load cell which is installed in loading
actuator is modified appropriately depending on the setup condition.

In case of carrying out the cyclic loading test of RC pier, lateral force is applied for the
specimen with axial force corresponding to the dead load of superstructure shown in Fig.-3.4.1.
Lateral force which is obtained by the load cell installed in loading actuator is different from
actual one on the setup condition of axial loading actuator so that the lateral force is modified
appropriately.

Fig.-3.4.1(a) shows setup that axial loading actuator can be moved for lateral direction
following the lateral displacement of the specimen. It is not influenced for lateral force because
axial force is constantly applied in vertical direction. Moreover, P-A effect can be evaluated
appropriately by this test.

Fig.-3.4.1(b) shows setup that axial loading actuator is fixed on the loading flame by pin
support. If lateral force is applied, axial loading actuator tilts and lateral component by the
axial loading actuator is multiplied for the specimen as lateral force. Therefore, it is necessary
to modify lateral force and axial force applied for the specimen by,

H,=H+Wsin6

3.4.1
~ H+W—5 ( )
4
W, =W cos6 (3.4.2)
where;

H,: Compensated lateral force (kN)
W,: Compensated axial force (kN)
H : Measured lateral force installed in the lateral loading actuator (kN)
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W : Measured axial force installed in the axial loading actuator (kN)

6 :Angle between axial loading actuator and vertical direction of member at the lateral
displacement is equal to 6 (mm) (rad)

Ly: Distance between the both pin-supported ends of axial loading actuator (mm)

Fig.-3.4.1(c) shows setup that axial load is applied by tensile force of the PC steel bars. PC
steel bars that connect at the beam to which set at the top of the pier, and are pulled down by
using the center hall jack set at the bottom of reaction floor. Axial loading direction tilts and
lateral component by the PC steel bar is multiplied as lateral force for the specimen against
applied lateral loading direction. Therefore, it is necessary to modify lateral force and axial
force applied for the specimen by,

H,=H-Wsina

4.
) 643
Lt
W,=Wcosax (3.4.4)
where;

a :Angle between PC steel bar and vertical direction of member at the lateral displacement
is equal to 8 (mm) (rad)
L,: Height of the setup point of lateral loading actuator from the bottom of reaction floor
(mm)

Beam for Applied
Axial load

Axial Loading
Axial Loading Actuator

Actuator

Lateral Loading Lateral Loading

h Lateral Loadin,
Actuator i Actuator ¢

Actuator

Tendon

Test Specimen | ; Test Specimen , ,

Iq:l Jack
(a) Sliding Axial Loading  (b) Pin-Fixed Axial Loading Actuator (c) Tensioning using the
Actuator Tendon
Fig.-3.4.1 Axial Loading Actuator Setup and Lateral Force Compensation
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3.4.2 Preloading test

To check the elastic characteristics of specimen and operating condition of measuring
equipment, carrying out the preloading test is recommended before main loading test described
in 3.4.3.

Preloading test is carried out in the range smaller than the estimated first yielding strength
Py, of the pier. The difference of the cyclic number of loading has no effect on ductility
performance of pier in this range. The cyclic loading test that peak lateral load is increased as
0.25Py9, 0.5P, 0.75 Py, 1.0P, (see Fig.-3.4.2) can be generally assumed as preloading test in
case that estimation of yield displacement needs to be done or checking the elastic
characteristics of specimen and operating condition of measuring equipment. P, is the
estimated lateral load at first yield of the outer longitudinal bar using the material test results of
specimen described in 3.4.4. In case of focusing on observation of the crack mechanisms such
as crack width and crack spacing, it is necessary to be planned based on estimated lateral
strength at cracking.

Lateral Force

A
P I

0.75P == ==-===-~-
O.SPV() ______ A
O.ZSPJ,() I~ _/\
-0.25P, | - V \/ Time

-0.5P, 1
0.75P, == === ===~
-P, 2

Fig.-3.4.2 Example of Loading Pattern for Preloading
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3.4.3 Loading pattern

1) Loading pattern at the quasi-static cyclic loading test shall be provided appropriately on the
basis of seismic elasto-plastic cyclic response behavior of target structures.

2) In case of cyclic loading test for structural members like bridge piers, it shall be provided
as conventional loading pattern as 3 cycles at each deformation level with né, (n=1, 2,
3,...).Following loading patterns taking into consideration of ground motion characteristics
can be applied to verify the seismic performance of the structure.

1) Plate boundary type earthquake

(1) Ten cycles at 13,

(2) Ten cycles at 25,

(3) Five cycles at 39,

(4) Five cycles at 49,

(5) Three cycles at 59,

(6) Three cycles at 63,

(7) Two cycles at 78,

(8) Two cycles at 83,

(9) Two cycles at each deformation level with nd, (n=9, 10, 11,...)
2) Inland direct strike type earthquake

(1) Three cycles at 15,

(2) Three cycles at 25,

(3) Two cycles at 33,

(4) Two cycles at 45,

(5) One cycle at 53,

(6) One cycle at 63,

(7) One cycle at 89,

(8) One cycle at 103,

(9) One cycle at each deformation level with 2né, (n=6, 7, 8,...)
where 9, :yield displacement prescribed in 3.4

3) Lateral loading shall be applied generally by displacement control. In case of applying axial
force for the member, it shall be applied generally by loading control.

4) Lateral displacement shall be increased gradually until the lateral force decreases to below

80% of the maximum lateral force at the first cycle for each loading step.

(1) Loading pattern at the cyclic loading test usually provides without reference to earthquake
ground motion characteristics. On the other hand, many former researches indicated that
seismic performance like ultimate displacement and ductility factor depends on the cyclic
number and loading history [3-7].

Fig.-3.4.3 shows that the cyclic loading test results which the flexural failure type RC pier
specimens with same properties were applied different loading patterns [7]. Lateral
displacements of P1, P2 and P3 specimens were increased by 13y, though the cyclic numbers at
each deformation level were one for P1 specimen, three for P2 specimen and ten for P3
specimen. Lateral displacement of P4 specimen was increased 18y, 36y, 58, and 155, with one
cycle at each displacement level. These results showed that the lateral displacement at the
beginning of decreasing the lateral force was large at the low cyclic loading numbers.

Ductility performance evaluated by test result depends on the loading pattern, so it is
necessary to provide the loading pattern rationally. Therefore the loading pattern at the cyclic
loading test shall be provided appropriately on the basis of seismic elasto-plastic cyclic
response behavior of the member.
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Fig.-3.4.3 Effect of Difference of Loading Patterns on the Ductility Performances [6]

(2) It is complicated to provide the loading pattern taking into consideration of elasto-plastic
cyclic response behavior of the member changed by the earthquake ground motion
characteristics, predominant period of structure and nonlinear hysteresis characteristics.
Loading pattern shall generally provide on references for the RC pier [8,9].

1) Nonlinear cyclic response characteristic analysis of RC pier

RC pier was modeled as SDOF system, and nonlinear time hystory response analyses were
carried out. Degrading elasto-plastic model (Takeda Model), which could evaluate the nonlinear
response behavior of the RC member well, was used as the hysteresis rule. A total of 95
components of ground motion records, which are consisted of recorded at the ground level in
Japan (77 components) and simulated ground motions for seismic design (18 components), were
used as analytical input ground motion. The dataset of 77 ground motions were based on the 25
earthquakes that the JMA magnitude scale was over 6.5, and both plate boundary type
earthquake (hereafter called “Type I earthquake”) and inland direct strike type earthquake
(hereafter called “Type II earthquake™) ground motions were included. Ten predominant periods
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Fig.-3.4.4 Cyclic Number of Inelastic Response

between 0.1 to 2.0 seconds and three maximum response ductility ratios i as 3.0, 6.0 and 9.0
of the structure were set as analytical parameters.

2) Counting the cyclic number of plastic response

Fig.-3.4.4 shows mean and standard deviation of response ductility ratios frequency before
maximum response displacements for each earthquake type. Frequencies of response ductility
ratios for pushing and pulling direction are counted separately. When maximum response
ductility ratio is between k and k+1 (k=1, 2, ..., 8), the cyclic number is plotted at the point of
p=k+0.5 in the Fig.ure. Conventional cyclic loading patterns that cyclic number n is constant
for each deformation level (n=1, 3, 10) are also shown.

In case of Type I earthquake ground motion, cyclic response numbers taking standard
deviation plus average into consideration are about 23 times for 1 to 23, about 6 times for 3 to
45, and about 3 times for 5 to 68,. This result shows that the cyclic response numbers are
decreased gradually as increasing the response displacement. Therefore reducing the cyclic
numbers as increasing response displacement is rational to simulate the actual structural
response behavior for Type 1 earthquake ground motion though the cyclic number of
conventional loading patterns is constant for each loading displacement.

A cyclic number for Type II earthquake ground motion is obviously less than Type I
earthquake ground motion. Cyclic response numbers taking standard deviation plus mean into
consideration are about 6 times for 1 to 28y, though about once subsequent 38,. This result
indicates that it is enough to apply once subsequent 35, for Type II earthquake ground motion.

3) Cumulative ductility ratio
The U.S. researchers use cumulative ductility ratio as the index to evaluate the cyclic
plastic response numbers [10]. Cumulative ductility ratio is defined by,

Z (5i - 5y )

N”:J_T;___ (3.4.5)

y

where;
N,: Cumulative ductility ratio
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Fig.-3.4.5 Cumulative Ductility Ratio until Maximum Response Displacement

d;: Absolute maximum lateral displacement in the time of 7, <t<¢,,

d,: Yield displacement
t;: i-th time that response displacement is equal to zero

Fig.-3.4.5 shows the relationship between cumulative ductility ratio before maximum
response displacements obtained by Eq. (3.4.5) and predominant period for each earthquake
type. Cumulative ductility ratios that cyclic numbers for each loading displacement are equal to
once or three times are also shown in these Fig.ures. Cumulative ductility ratio for Type II
earthquake ground motion is about half as much as for Type I earthquake ground motion.
Moreover, this result indicates that conventional loading pattern which cyclic number is
constant for each deformation level with yield displacement is more severe than the actual
loading condition so large as target maximum ductility ratio. Cumulative ductility ratio for
Type I earthquake ground motion tends to decrease as the predominant period is long. On the
other hand, that for Type II earthquake ground motion keeps constant without being dependent
of predominant period because of short time until maximum response displacement occurred
and low cyclic plastic response number.

4) Setting of loading pattern

Based on analytical results mentioned above, cyclic loading pattern for RC pier shall be
provided in accordance with target type of ground motion. Fig.-3.4.6 and Fig.-3.4.7 show cyclic
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loading patterns for Type I and Type II earthquake ground motions. Table-3.4.1 shows the
comparison of cyclic numbers between plastic response by nonlinear time hystory response
analysis shown Fig.-3.4.4 and loading patterns shown Fig.-3.4.6 and Fig.-3.4.7. It is found that
the cyclic loading patterns shown Fig.-3.4.6 and Fig.-3.4.7 are rational to the extent that the
ductility ratio is eight for each type of earthquake ground motion though loading condition by
the conventional loading pattern is more severe than actual one. In case of Type I earthquake
ground motion, conventional loading pattern that cyclic number is three for each displacement
could be selected because the large cyclic number at the small displacement is not influenced
structural ductility characteristic so much.

These loading patterns are mainly assumed as verification of ductility characteristic of RC
piers. If the test is carried out for the different objective such as comparison of previous test
result, loading pattern can be selected according to the objectives.

These loading patterns are for the verification of ductility characteristics of RC piears.
There is a shear failiure type which fails with low ductility characteristics before or around the
yeilding of longitudinal re-bars. For these shear filure type piers, the loading pattern shold not
be based on the yeiding displacement. It is a method to incease the loading force with some
cyclic loading up to the peak force as show in Fig-3.4.2.

(3) Lateral loading actuator is controlled based on displacement because cyclic load is applied
in plastic deformation region. Axial load is applied by load-controlled because axial load is
constant load or fluctuating one.

(4) Lateral displacement shall be increased gradually by the loading patterns shown Fig.-3.4.6
and Fig.-3.4.7 until the lateral force decreases to below 80% of the maximum lateral force at
the first cycle for each loading step. This is because that it is necessary to continue the test until
verified notable event for seismic performance evaluation as described in 3.5.1.

It takes notice that severe damage of the specimen such as fractured many longitudinal bars
is taken place because the specimen after the test is unstable and it may be dangerous to take it
away from the point of view to conduct the tests safely.
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Fig.-3.4.7 Example of Loading Pattarn to Verify Seismic Performance for Type II Earthquake
Ground Motion

Table-3.4.1 Comparison of Cyclic Number between Inelastic Response and Recommended
Loading Pattern

Ranges of Type I motions Type II motions
DTl?:rt;gleity Inelastic mean mean+ Recqmmended mean mean+ Recgmmeniled
Response o History * P History
1.0 to 2.0 12.60 23.43 20 (n=10) 3.42 7.06 6 (n=3)
>0 2.0 to 3.0 2.70 5.19 10 (n=5) 1.72 3.02 4 (n=2)
1.0 to 2.0 12.43 23.14 20 (n=10) 3.03 6.25 6 (n=3)
2.0to 3.0 5.18 9.49 10 (n=5) 1.27 2.57 4 (n=2)
6.0 3.0 to 4.0 2.77 5.22 10 (n=5) 0.91 2.02 4 (n=2)
4.0t0 5.0 1.47 2.91 6 (n=3) 0.50 1.17 2 (n=1)
5.0 to 6.0 0.79 1.64 6 (n=3) 1.08 1.74 2 (n=1)
1.0 to 2.0 11.45 21.96 20 (n=10) 2.69 5.59 6 (n=3)
2.0 to 3.0 4.90 8.91 10 (n=5) 1.31 2.72 4 (n=2)
3.0 to 4.0 3.24 6.01 10 (n=5) 0.63 1.49 4 (n=2)
4.0t0 5.0 2.33 4.38 6 (n=3) 0.52 1.26 2 (n=1)
>0 5.0 to 6.0 1.54 3.15 6 (n=3) 0.44 1.16 2 (n=1)
6.0 to 7.0 1.00 2.10 4 (n=2) 0.37 1.06 skip
7.0 to 8.0 0.63 1.44 4 (n=2) 0.24 0.77 2 (n=1)
8.0t0 9.0 0.56 1.29 4 (n=2) 0.87 1.34 skip

*Note: n is a cyclic number determined for cyclic loading tests
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3.4.4 Definition of yield displacement

Yield displacement for cyclic loading test may be defined by Eq. (3.4.6).
5}’ = (Pmax /Py() )5y0,exp (346)

where;
6, : Yield displacement
P,..: Estimated lateral strength using the material test results
P,,: Estimated lateral strength at first yield of the outer extreme longitudinal bar using the
material test results
Oy0,exp - Measured lateral displacement at lateral loading point when lateral force is equal to
P

Yield displacement is used as a reference displacement for cyclic loading test. In general,
conventional definition of yield displacement at the test is the displacement at the loading point
when measured strain of outer longitudinal bar at the base of column reaches to yield strain.
However, if the lateral displacement exceeds yield one based on yielding of outer longitudinal
bar, stiffness of specimen doesn’t change drastically due to longitudinal bars arranged at
parallel loading sides. It is not the elastic limit of the structural member. Moreover, lateral force
- lateral displacement relationship of RC pier is usually modeled as bilinear elasto-plastic
model and cyclic loading patterns shown in Fig.-3.7.6 and Fig.-3.7.7 provide based on
analytical results using bilinear elasto-plastic model. Therefore, the yield displacement is
defined as the lateral one when it gets to elastic limit point on the bilinear elasto-plastic model.

Yield displacement defined above can be obtained by Eq. (3.4.6). It is necessary to estimate
lateral strength, Lateral force and displacement when the outer longitudinal bar is yield to
obtain the yield displacement. However, experimental lateral strength of pier is unknown when
providing yield displacement because this value is obtained after lateral displacement in excess
of yield one applied. There is a possibility that the judgement at yielding the outer longitudinal
bar is different with researchers because of depending on variation of measurement values and
installation points of strain gauges. To remove these variation factors, lateral strength and
lateral force at yielding the outer longitudinal bar are estimated using the material tests results
for the specimen (concrete, steel bar and so on) by the static elasto-plastic analysis. Lateral
displacement at yielding the outer longitudinal bar shall be defined as measured one when
lateral force applied by actuator is equal to estimated P,, by the preloading test described in
3.4.2.
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3.4.5 Loading speed

1) Loading speed shall be provided appropriate by according to loading actuator performance.
2) In case of high accelerative loading test, the effect of inertia forces by the weight of

specimen, swivel head and so on shall be considered to evaluate lateral force.

(1) Actual response velocity of pier at the earthquake will be changed dependent on input
earthquake ground motion characteristics, predominant period of structure, progression of
plasticity of the member and so on. Kawashima et. al. were carried out the cyclic loading tests
for flexural failure type RC piers (shear span ratio is 6.0) which loading speeds were 100cm/s
and 10cm/s. They pointed out that lateral displacement at spalling of the cover concrete and
hysteresis energy absorption in case of 100cm/s is slightly larger than 10cm/s case [2]. Ozaki et.
al. were carried out similar tests that shear span ratio is 3.5 and loading speeds is lcm/s, Scm/s
and 10cm/s, and pointed out that lateral strength tended to slightly large accordance with high
loading speed though there were scarcely the effect of crack and damage characteristics and
lateral force — lateral displacement hysteresis curve relationship.

Judging by these previous researches, the test results are scarcely varied by the difference
of loading speed conditions as far as verification of ductility performance. Moreover, loading
speed shall stipulate as mentioned above in this Guidelines because test facilities that equipped
with large actuators and hydraulic pressure generation system which can curry out high loading
speed are limited.

(2) When loading starts by rapid acceleration or stops by rapid deceleration, inertia forces by
the weight of specimen, swivel head and so on are added and measured as load value by load
cell installed in actuator. It is necessary to compensate the measured load value after the test by
measured acceleration for loading direction at the lateral loading point in case that response
acceleration of specimen is high and inertia forces have an effect on the test result.
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3.5 Evaluation of test results

3.5.1 Critical damage situation for seismic performance evaluation

1) Critical damage situation of specimenfor seismic performance evaluation shall be provided
with limit states for seismic design of the bridge and failure characteristics of tested
member.

2) Critical damage situation for RC pier is generally defined as repairable limit state and the
state that the lateral strength decreases significantly. Repairable limit for standard RC pier
is defined as taking place buckling of longitudinal bars and spalling of cover concrete. The
state that the lateral strength decreases significantly is defined that the lateral force
decreases to below 80% of the maximum lateral force at the first cycle for each loading

step.

(1) Limit state of structural members consisted of the bridge is set up with required seismic
performance in seismic performance verification of the bridge. Therefore, when seismic
performance of the structural member is verified by the experimental test, critical specimen
damage situation for seismic performance evaluation shall be provided with limit states for
seismic design of the bridge and failure characteristics of tested member. It is necessary to pay
attention to progress of the specimen damage to correspond with the loading step.

(2) Seismic design specification of the highway bridge prescribed that limit state of piers is
repairable limit state or the state that the lateral strength decreases significantly corresponding
to required seismic performance when the design condition is considered primary plasticity in
the bridge pier for level 2 earthquake ground motion. These limit states need to be defined
clearly.

The progress of the flexure failure type RC pier is as follows; development of lateral crack,
buckling of the longitudinal bar and spalling of the cover concrete, damage of the core concrete,
and fracture of longitudinal bar by low cycle fatigue for some tests, shown in Fig.-3.5.1.
Considering the progress of damage and easiness of repair, repairable limit state is generally
defined as taking place buckling of longitudinal bars and spalling of cover concrete though it
depends on locational conditions and so on strictly. The state that the lateral strength decreases
significantly is defined that the lateral force decreases to below 80% of the maximum lateral
force at the first cycle for each loading step. Another definition for this limit state is proposed
that the lateral force decreases to below P,y. Though there is scarcely difference both evaluated
values for standard RC pier, it is rational to be defined like a provision if there is a significant
difference between maximum lateral force and first yielding lateral strength.
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Fig-3.5.1 Progress of Damage and Critical Damage Situation for Flexure Failure Type RC pier

3.5.2 Presentation of test results

1) Following quasi-static cyclic loading test results shall be presented;

1) Hysteresis and skeleton curves of lateral force and lateral displacement relationships

2) Specimen damage for each loading step

3) Hysteresis energy absorption

4) Elongation displacement of the longitudinal bar from the fixed stub

5) Others

2) Lateral forces and lateral displacements described in 3.4.4 and 3.4.5 shall be expressed

numerically.

(1) Minimum presentation items of test results for cyclic loading test are provided here.
1) Lateral force — lateral displacement hysteresis curve is most representative item of the test
result. Skeleton curve is also presented though it is not enough to express the specimen
behavior under the cyclic loading such as hysteresis loop shape.

2) It needs to be discussed the specimen damage with objective of the reparability of the
bridge so that specimen damage need to be recorded for each loading step.

3) Hysteresis energy absorption that can be used as the index of stability of hysteresis loop
and so on is obtained by,

1
WZZE(PM +P )6, —6,) (3.5.1)

where;
W . Hysteresis energy absorption
P;: Measured lateral force at i
0; : Measured lateral displacement at i
i: Number of data for each loading cycle

Previous RC pier test results showed that hysteresis energy absorption for the one loading

cycle was increased with increasing the loading displacement though it was decreased after
buckling of longitudinal bars [11]. Fig.-3.5.2 shows the example of lateral force - lateral
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displacement relationship and hysteresis energy absorption for rectangular pier test results.
Spalling of cover concrete by buckling of the longitudinal bars became on the second loading
cycle of 56, (about 85 mm). This effect was expressed that increment of energy absorption for
the second loading cycle between 4 to56, is smaller than former loading steps, and energy
absorption for the third loading cycle of 49, is also smaller than that of 56,. Therefore, energy

absorption has effect on the judgment and impact for seismic performance by buckling of the
longitudinal bar quantitatively.
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Fig.-3.5.2 Hysteresis Energy Absorption and Onset of Buckling of Longitudinal Bar

4) Test specimen is generally combined the fixed stub to set up the reaction floor or reaction
wall. In case of pier test, fixed stub is equivalent to footing. Measured lateral displacement at
the lateral loading point is involved rotation displacement caused by longitudinal bar
elongation from the footing in addition to flexure deformation of pier as described in 3.3. It
shall be presented the measurement results of elongation displacement of longitudinal bar to
divide measured lateral displacement with flexure deformation of pier.

5) Other measurement items such as curvature and strain of steel bar shall be presented in
accordance with the test object. Curvature is used to evaluate plastic ductility performance for
cross section and plastic hinge length. Flexural moment — curvature relationship is used for
cross sectional plastic ductility performance evaluation and curvature distribution is used for
plastic hinge length evaluation.

Strain distribution of longitudinal bar is presented by the object of clarified plastic area of
bar and bond characteristics in the footing.

(2) Lateral displacements and lateral forces described in 3.4.4 and 3.5.1 are important to
evaluate seismic performance of structural member. Therefore, these values are expressed
numerically to refer from other researchers shown in Table-3.5.1 as an example.
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Table-3.5.1 Example of Compilations of Critical Damage Situation based on Experimental

Test Results for Seismic Performance Evaluation

Spalling of Cover Decreasing Lateral
111 0,
Crltlgal Defined Yield Limit | Maximum Lateral | Concrete due to Onset Force be_low 80% of
Loading . the Maximum one at
State Force of Buckling of .
Step Loneitudinal Bar the First Cycle for
g Each Loading Step
Lateral Lateral Lateral Lateral Lateral Lateral Lateral Lateral
Specimen Force Disp. Force Disp. Force Disp. Force Disp.
(kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm)
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4. Shake table test of structural members

4.1 Purpose

Shake table tests are conducted to investigate the following:
1) Dynamic behavior properties under the action of seismic vibration (response characteristics,
failure characteristics and hysteresis characteristics)
2) Performace verification of strucures against specific eafrthquake ground motion
3) Verifications of mechanical model including load - displacement hysteresis characteristics

4) Response values of curvature, strain etc.

This section indicates the purposes of shake table tests.

In order to clarify its structural response characteristics etc. during an actual earthquake,
shake table test is conducted by vibrating a shake table that corresponds to the ground.
The difference between a shake table test and a cyclic loading test is the input conditions.
Though a certain pattern of cyclic number and amplitude is used in a cyclic loading test, a
specific time history earthquake waveform is used in a shake table. Even when the response
spectrums are identical, there is not just one earthquake waveform that fits it. Because the
nonlinear response characteristics vary according to differences in the phase and the duration of
the earthquake ground motion, it is necessary to understand that the response and failure test
results are only for a specified input ground motion.

4.2 Law of scaling

When a test is conducted using a scaled down test specimen, the test specimen shall be
designed and prepared and the shaking conditions shall set appropriately considering the law of

scaling.

Just as in the case of a cyclic loading test, when performing a shake table test, it is
essential to comply with the law of scaling in order to obtain response characteristics identical
of those of a full-scale structure using a scaled down test specimen. Therefore the specimens
should be designed and prepared as described in 3.2.1 and in 3.2.2. It is also necessary to
consider the law of scaling for the inertia force and the time scale when doing a shake table
test.

This is the concept of the law of scaling in a case where the superstructure is directly
supported by the specimen (bridge pier). Because the specimen directly supports the
superstructure, axial force (vertical force) produced by the weight of the superstructure, which
is represented by the product of its mass and the gravity acceleration, is applied. The gravity
acceleration is constant regardless of the size of the specimen, and the actual full-scale
structure and the specimen model are made of the same material, the elastic modulus of the
material is also constant. Under these conditions, the scale factor of the length (=actual
full-scale structure/ test specimen model) is defined as S;, the variables are adjusted based on
the law of scaling shown in Table-4.2.1.

Because the dimension of the mass is second power and the dimension of the volume is
third power, the dimension of the density is -1 power, therefore material that is denser than that
of the actual structure should be used in order to satisfy the law of scaling. However, the
density cannot be adjusted because of using the same material as the actual structure, the law of
scaling cannot be satisfied. In order to resolve this problem, it is necessary make an adjustment
by adding mass. If the mass of the actual structure is represented by m, the additional mass that
should be added Am is obtained by the following equation, because the mass of the model is
m/S;” in a case where the law of similarity is completely satisfied and it is m/S;’ in a case where
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the density is unchanged.

S, -1
Am=— B 2Ty, (4.2.1)
SL SL SL

A concrete block or a steel weight is usually used as the additional mass. If additional
weight would be placed, the specimen should be designed to be paid attention to change the
location of center of inertia changes from its location without additional weight. It is
impossible to place the additional weight according to the law of scaling in the case that the
size reduction rate is large because relatively large additional mass is needed. If the additional
mass is inadequate, the predominant period and yield strength of the specimen will be in a
relationship of scaling and the law of scaling cannot be completely satisfied for all cases.
Therefore, judgement to adjust the scale factor of the input acceleration is made appropriately
for the purpose of the test.

In a case that axial force is applied by tensioning of the PC steel bars and the lateral inertia
force is obtained by linking weight through the loading beam with the specimen as shown in
Fig.-3.4.1(c), the dimension of the acceleration need not be the first power because the gravity
field in the vertical direction caused by the superstructure weight does not apply as far as
ignored the self-weight of the bridge pier.

The time scale of the original waveform should be reduced in accordance with the law of
scaling, which the time is a dimension in the 0.5 power, especially performing a test to simulate
actual response behavior. However, the shaking time will shorten with large of the size
reduction rate, so it is necessary to be careful the performance limit of the shake table and the
sampling frequency.

Based on above discussion, a general view of the scale factors for a static test that include
cyclic loading test and a shake table test summarized in Table-4.2.2. Moreover, it is necessary
to pay attention not only to the law of scaling but also to the scale effect as in 3.2.2.

Table-4.2.1 Scale Factors (Acceleration and Elastic Modulus are Considered as Unity)

Variable Notation | Dimension Scale Remarks
Factor
Length L S Basic Variable
Density P P 1/ Sp
Time T t S, %3
Frequency f 1/t S, 3
Stress o p LYt 1
Elastic Modulus E p L/t 1 Basic Variable
Force F p LYt S.?
Bending Moment M p L3/t S.?
Curvature ¢ 1/L 1/ Sp
Acceleration a L/t? 1 Basic Variable
Mass m pL? S, 2
Weight W p LYt S, ?
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Table-4.2.2 Scale Factors for Static Test and Shake Table Test

Shake Table Test
Variable Static test! Superstructure Superstructure
supported by not supported by
specimen specimen
Length St Sp St
Time _ 5, 05 5, 055,05 2
Frequency — g, 03 S, 938,03
Stress 1 1 1
Elastic Modulus 1 1 1
Force S.2 S, 2 S’
Bending Moment S, 2 S 3 S 3
Curvature St St Syt
Acceleration — 1 S.
Superstructure Mass — S.? S.28,!
Superstructure Weight S, 2 S.? S.?

* 1) Loading is applied by mass block or actuator. Self weight of pier is ignored.

2) S,: Acceleration Scale Factor

4.3 Design and preparation of test specimens

1) The test specimen shall be used as large as possible within the performance limit of the
shake table.

2) When a scaled down test specimen is used, it shall essentially comply with the law of
scaling. The specimen shall be designed in consideration of performance of the shake table
and the interaction effect between the shake table and the specimen. The test specimen shall
be designed also in consideration of 3.2.

Scaled down test specimen is generally used because structural members of civil
engineering are extremely large to be carried out the full-scale structural model test. However,
the scale effect has an impact on the scaled down test, the test specimen as in the case of a
cyclic loading test, the test specimen shall be made as large as possible considering the law of
scaling described in 4.2. It is also necessary to consider characteristics of the shake table such
as its shaking capacity and allowable moment, and its frequency, and reaction force acting on
the shake table accompanying the shaking of the specimen or change of the resonance
frequency as damage progresses caused by the interaction effect between the shake table and
the specimen. When the test that the specimen is particularly large, or the reproducibility of the
input motion is important will be carried out, it is also necessary to consider the shake table
control method.
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4.4 Measurement items and measuring methods

1) The measurement items shall be appropriately selected in accordance with the purpose of
the test. Generally, they are the response acceleration and response displacement of the
specimen and the shake table acceleration, and as necessary, the strain of the reinforcing
bars, load, and the acceleration and displacement that are necessary to compensate the
measured data.

2) The measuring instruments shall have superior dynamic properties.

3) The cables shall be installed so they do not have any influence on the measurements.

4) Multiple measuring instruments shall be installed at important measurement points.

5) The sampling frequency shall be set appropriately in accordance with the perform.ance of
the shake table and the specimen, and the nonlinear properties of the measuring

instruments.

The measurement items and the measuring methods are selected appropriately in
accordance with the purpose of the test and setup of the specimen. Generally, the response
acceleration and the response displacement of the specimen corresponding to the force -
displacement relationship in a cyclic loading test, and the shake table acceleration are measured.
The items concerning the specimen that are measured differ a little by the way of applying
inertia force and setting the fixed point. In a case of a bridge pier test where a specimen directly
supports additional mass corresponding to the weight of the superstructure, the response
acceleration and the response displacement are also measured at the center of the inertia force
obtained by treating all the mass concentrated on the additional mass part. In a test using a
girder model like an actual bridge, the response behavior of the girder or pier at the top of the
column is measured. Force shall be measured in a case the reaction force could be held, though
this is difficult depending on setup the specimen. So as the equivalent index of the force -
displacement relationship in a cyclic loading test, the relationship between the inertia, which is
obtained as the product of the mass and reversing the phase of the response acceleration, and
displacement at the center of the inertia is available. Here, it should be kept in mind that this
inertia is the sum of the restoring force and the damping force. The shake table acceleration
shall be used without modification if the reproducibility of the input waves is good. In cases
when the damage is particularly advanced, the input acceleration and measured one on the
shaking table is generally not in agreement by the cause of the shake table’s performance,
control method and interaction between the shake table and the specimen and so on. Therefore
it is also measured on the shake table.

The acceleration is measured by sensors directly attached to the specimen and the shake
table. Measurements for three components shall be done at the center of the inertia (or at an
equivalent location such as the top of the bridge pier etc.) and on the shake table. The reasons
are as follows; even in a case of unilateral shaking, acceleration for orthogonal direction is also
produced by the deformation of the specimen by the cause of heterogeneous progress of
damage; the reaction force of the specimen acts on the shake table; control is done to restrict of
outside the shaking direction behavior in order to offset the shifting of the center of the gravity
caused by the shaking. Therefore, when a test to verify the applicability of an analysis method
or to simulate response behavior for earthquake ground motion is carried out, it is necessary to
take the large acceleration except for shaking axis into consideration to compensate the test
result appropriately. In a case where the additional mass is extremely large and the location of
the center of gravity is high, rotational inertia force is produced by shaking. If the rotational
inertia force would be assumed conspicuous, a measurement plan shall be established to
compensate this effect.

_81_



The displacement is measured by attaching a displacement sensor at the fixed point. The
fixed point shall be set outside the shake table to minimize the effect of shaking. If it is
impossible to setup the fixed point outside the shake table because of a lack of space around the
shake table or sensor performance, the relative displacement is measured by installing an
adequately stiff frame setup on the shake table. Because it is important that the frame behaves
to be united with the shake table in order to deal the frame with the fixed point, it is necessary
that the frame itself not plasticize no matter how high shaking level and that the frame is firmly
attached to the shake table. However, it is impossible to completely eliminate all vibration from
the frame itself so that accelerometers shall be installed at the location of the displacement
transducers. To compare this acceleration with the acceleration on the shake table, the vibration
properties of the frame are clarify, and the displacement based on measured by displacement
transducer is compensated to add the relative displacement between shake table and flame
obtained by integrating the relative acceleration twice if necessary. It is also careful about
errors accompanying integration caused by displacement by the acceleration.

The sensors need to have superior dynamic properties, because the shaking acceleration is
generally higher than in a cyclic loading test. When complex response behavior needs to be
obtained accurately, a CCD camera is used in addition to a normal displacement transducer. The
sensors are fixed so that their vibration is not influenced on the measured data.

Any contact between cables and other measuring instruments or obstructions between the object
measured and a measuring instrument effect the data measurement, they are fixed with
allowance for displacement caused by the vibration.

The sampling frequency is set appropriately considering the reduction ratio of the
specimen, response characteristics and non-linearity of the shake table and the non-linearity of
the measuring instruments and so on. If the reduction rate of the specimen is large or the
additional mass is insufficient, valid high frequency constituent is included because the
predominant frequency becomes high. The sampling frequency shall be set accounting for
Nyquist’s sampling theorem. According to this theorem, in order to gather all the information of
the original signal, the data shall be recorded more than twice the highest frequency in the
signal that is the object (Nyquist frequency). However, there is actually a small high frequency
constituent more than 1/2 of the recording frequency that is entered as an error (aliasing error)
so that it is necessary to remove the constituent that is 1/2 or more of the recording frequency
by low-pass filter. For example, if the frequency that is the goal is 100Hz, data is recorded at
200Hz in a point of view of the Nyquist frequency and be cut the constituent over 100Hz to
eliminate the aliasing error by low-pass filter.

4.5 Shaking method

4.5.1 Setup

1) Test specimen shall be setup on the shake table so that the loading condition for the
specimen is equivalent to that for an actual structure.

2) The specimen shall be fixed to the shake table so as not swaying and rocking taken place.
The specimen shall be firmly integrated with the additional mass.

3) The effect of deformation except for shaking direction shall be considered.

4) Safety for unpredictable states of the shaking table or the specimen such as collapse of the

specimen shall be fully considered.

In a cyclic loading test, seismic force is applied the specimen directly, but in a shake table
test, the seismic force is applied as the inertia force just as the same as actual earthquake

_82_



condition. Therefore when performing a shake table test of a bridge pier, it is necessary to
obtain the inertia using the girder model (Fig.-4.4.1) or a weight (Fig.-4.4.2) that corresponds
to the superstructure weight as mentioned above. It is necessary to be take care that the test
results are not affected by the unpredicted slip between the specimen and shaking table, the
additional mass of specimen and weight and among the additional mass. A stub or lateral beam
is used on the top of the specimen to integrate the weight with the specimen. In the case of a
girder model, applying lateral force depends on the bearing conditions. In case of another setup
(Fig.-4.4.3 for example), it is integrated applicability to be assumed as response behavior.

The specimen is generally anchored to shake table with a PC steel bar that provides tension
to obtain friction force. If it is not adequately anchored, the specimen slips and it differs from
shake table motion. If excessive friction is expected, it may cause breakage of the anchor bolts
or unexpected damage to the specimen.

In cases where shaking is produced only on a specified axis such as the lateral direction or
two direction vibration such as the lateral and vertical direction, deformation in other directions
shall be constrained. In a test of a column that antisymmetry bending as in the building
construction field, translation motion and rotation except for the shaking axis is constrained by
a pantograph or a guide. The effect on test results by the presence or absence of constraint is
remarkable in a case that the input motion level is large or the damage is greatly advanced. For
this reason, when it is predicted that these effects will be particularly remarkable, constraint
shall be done as much as possible and the transition or rotation response outside the shaking
axis shall be measured.

Safety is most important to be carried out the test. It is necessary to prepare for unexpected
conditions such as collapse of the specimen or weight by taking measures such as setting a stiff
frame around the specimen or by stretching a cable from the specimen to the table.
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4.5.2 Input seismic motion to shake table

1) The input waveform of the seismic motion shall be set appropriately in accordance with the
purpose of the test.

2) Appropriate amplitude and time scales shall be set for the input seismic motion the law of
scaling.

3) A simulation shall be done in advance to confirm any problems with the shaking table or
measurement performance and safety. If the results of the test and analysis during the
shaking process are remarkably different, the cause of the difference shall be studied and
the later shaking plan should be revised as necessary.

4) Vibration test to estimate the predominant frequency of the specimen shall be done as
necessary before and after main shaking.

The shaking steps and level cannot be provided uniformly, they are set appropriately in
accordance with the purpose of the test. In a case of a test of response characteristics at the
limit state (cracking, serviceable, repairable, ultimate etc.) or structural response behavior
verification for specified seismic motion (safety verification), the shaking levels corresponding
to each critical state and gradually inputting large is often used. In a case where the primary
goal is to simulate response behavior during an earthquake, the shaking level that is the target
(usually a large amplitude, because nonlinear response is often hypothesized) is done after
shaking within the elastic range to be clarified the fundamental response characteristics of the
specimen because deterioration caused by accumulated damage effects the response.

The shaking level is set to adjust the amplitude and the time axis of the input wave
considering the law of scaling to simulate the target state by performing a simulation analysis
in advance. The advance analysis is also important to confirm the performance of the shake
table and the measuring instruments or safety for failure caused by excessive damage. When the
nonlinear response will be predicted particularly large and damage such as spalling of the cover
concrete and buckling of the longitudinal bars will be taken place, it is necessary to pay
attention to the fact that analysis methods that can be simulated post peak response behavior are
limited, and to the possibility that response values of the test may be produced larger than the
analysis.

In a case where a comparison of the test results and the analysis results at each shaking
shows a conspicuous discrepancy with the prior prediction, the cause should be studied, and the
later shaking plan shall be revised as necessary considering the achievement of the object of the
test and safety

The predominant period of the specimen is one of the indexes to clarify the state of
progress of damage. The predominant frequency can be obtained from the peak of the ratio of
the spectrum on the shake table and the center of the inertia (or an equivalent location) by using
ambient vibrations based on white noise and a sine sweep wave at about the time of the main
vibration. Shaking may be omitted in a case using microtremor, impact test and impact
vibration produced by hydraulic input.

Before shaking on the test day, a trial shaking without mounting the specimen shall be
done to confirm that the shaking plan can be done and to obtain criteria such as the frequency
properties of the shake table and the accumulated pressure that is required. This can clarify
unique properties of the shake table that are not recorded in the specifications, and confirm
safety to prevent the risk such as oil leaking and oscillation. It is better to do trial vibrating in a
case where it has not been used for a period of time or case where the system has been improved
especially.

The selection of the input waveform to the shake table is dependent on the test oibjectives.
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The results from the shak table test are basically the response and failure mechanism against a
specific earthquake ground motion. Therefore, it is essential to consider the selection of input
motion based on the objectives. The followings are the basic idea to select the input motions.
1) Dynamic behavior properties under the action of seismic vibration
To investigate the dynamic behavior properties, it is needed to develop a certain level of
responses and failures. The input motion shoule be selected to meet the objectives. For this
objective, the input motion, the amplitude and the time similarity can be selected more freely
within not to lose the real phenomena.
2) Verifications of mechanical model
To verify mathematical models, it is needed to develop a certain level of reseponses and
failures as well. The input motion, the amplitude and the time similarity can be selected more
freely to meet the objectives.
3) Performace verification of strucures
To verify the performance of specific structures, it is important to think about the relation
between design performance and the design gtoufn motion. For this objective, it is necessary to
appropriately select the input ground motion which meets the structural design considering the
similarity.

4.6 Presention of test results

Following the shake table test results shall be presented;
1) Input seismic waveform or shake table waveform
2) Maximum value and the waveform of the response acceleration and the response
displacement at the center of the inertia or at an equivalent location

3) State of damage to the test specimen

The test results of a shake table test that shall be presented at least are provided here. The
test results are basically organized in the same way as in the case of a cyclic loading test,
though issue (2) provides the response waveform at the center of the inertia or at an equivalent
location as in the text of the provision because it depends on applying inertia method or
measuring method. If the load is also measured, the hysteresis curve, envelope, and hysteresis
energy absorption shall also be presented as in the case of a cyclic loading test.

The frequency properties of each waveform are important to clarify the evaluation of noise
or resonance included in the data, and its effect may be judged by spectrum analysis.

The critical damages of the specimen such as cracking, spalling of the cover concrete, and
buckling and fracture of the longitudinal bars are presented in sketches and photographs so this
condition is understood. If the damage is particularly advanced during a specific shaking, the
progress of damage cannot be clarified by observations after shaking. Therefore, video
recordings shall be made to clarify at which stage of the shaking the damage occurred, and the
waveform in a time series and the response to major damage shall be presented. If possible,
multiple locations shall be photographed and at the same time, these shall be recorded so that it
is possible to synchronize these in order to easily deal with the time series of the input and
response waveform.
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