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Abstract Structural health monitoring of existing bridges

relies on vibration testing, but the free- and ambient-

vibration testing techniques in current use for the deter-

mination of dynamic characteristics have a previously

unknown dependency on vibration amplitude. The main

purpose of this study is to investigate the dependency of the

dynamic characteristics of reinforced concrete (RC) piers

on the vibration amplitude in elastic and inelastic stages by

applying free vibration tests to RC pier models. A series of

free vibration measurements over a wide range of ampli-

tudes were carried out with relatively small amplitude of

excitation on intact models; these measurements were

repeated after the models had been progressively tested to

failure on a shaking table, and again after repair with

carbon fiber sheets (CFS). The repair method used is one in

common use for seismic repair of bridge piers: the dam-

aged cross-section was recovered by wrapping carbon fiber

sheets around the cross-section in the damaged zone, after

injecting the relatively wide cracks with resin epoxy.

Generally, our results indicate that overall natural fre-

quency and damping ratio are very sensitive to the vibra-

tion amplitude level. Particularly, whenever the

acceleration amplitude increases, the damping ratio sig-

nificantly increases while the natural frequency slightly

decreases; which means that, when considering the

dynamic characteristics of a structure, we need to pay

special attention to the expected vibration amplitudes

before choosing design values. We also found that the CFS

repair method was effective in restoring performance

characteristics of the damaged piers.

Keywords Dynamic characteristics � Amplitude

dependency � RC pier model � Shaking table test � Free

vibration test � Reinforced concrete seismic repair

1 Introduction

The dynamic characteristics of structures, such as the

natural frequency and the damping ratio, have a significant

effect on structural dynamic behavior. The actual dynamic

characteristics of completed structures are inevitably dif-

ferent from their designated values, yet in dynamic analysis

we must employ the accurate dynamic characteristics as

closely as possible. To check the actual dynamic charac-

teristics of structures, vibration measurements are typically

made. Vibration measurement is also a useful technique to

detect the condition of existing structures for structural

health monitoring.

Previously, vibration measurements were commonly

carried out on various bridge structures using large vibra-

tion-generating equipment. Although the dynamic behavior

of a structure in response to significant levels of vibration

can be verified by this method, vibration measurement of

existing bridges is sometimes avoided due to the cost and

effort required. As alternatives to generated-vibration

testing, several vibration measurement methods that do not

require vibration devices have been developed. These

methods such as free vibration or ambient vibration testing
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are used to detect structural dynamic behaviors. When

using free or ambient vibration testing, however, the

dependency of the dynamic characteristics on the vibration

amplitude becomes a problem.

Many researchers have studied the various techniques

for evaluating the dynamic characteristics of structures by

collecting experimental data under different types of

excitations [1–3]. Some of these studies also addressed the

dependency of dynamic characteristics on response

amplitude. For instance, Fukuwa et al. [4] found that the

dynamic characteristics strongly depend on the response

amplitude of non-structural members in a full-scale pre-

fabricated steel building. Tamura and Suganuma [5] eval-

uated the amplitude dependencies with respect to natural

frequency and damping ratio of three towers during strong

winds. Saito et al. [6] also found that dynamic character-

istics depended on amplitude in the case of the elastic stage

of a steel bridge model. However, the model scale of this

study was very small, and the dependency of the dynamic

characteristics of reinforced concrete (RC) structures on

the amplitude is not clarified in detail. In particular, the

presence of damage alters the energy dissipation mecha-

nism in RC structures, where the damage is usually asso-

ciated with the formation of cracks, which also cause a

degradation of the structural stiffness [7, 8]. Furthermore,

the effect of the repair technique on the amplitude depen-

dency of the dynamic characteristics is not well known.

Various repair techniques have been developed by

researchers and practicing engineers, to restore the function

of damaged piers after an earthquake. The composite

material jacket technique, using materials such as carbon

fiber sheet (CFS) as jacketing, is proven effective for

repairing earthquake-damaged piers [9–12], and has been

applied in this study of amplitude dependency in part

because of its wide use.

Vibration measurements are commonly applied in

structural health monitoring, but the amplitude dependency

of the dynamic characteristics of the structures is also

critical to such monitoring. The main purpose of this study

is to investigate the dependency of the dynamic charac-

teristics on the vibration amplitude in elastic and inelastic

stages of RC pier models by applying free vibration tests.

To reach the inelastic stage, the pier model was excited to

failure using the Japan Meteorological Agency (JMA)

Kushiro record of the 1994 Kushiro earthquake, with peak

ground acceleration (PGA) of 0.7 g. The excitations were

iterative, to clarify the dynamic characteristics of RC pier

models that are subjected to moderate and severe earth-

quake motions: we increased the seismic excitation inten-

sity gradually to 160 % of the maximum of the Kushiro

record. During the application of seismic excitation, a free

vibration test was performed after each excitation iteration,

to investigate the changes in dynamic characteristics during

the progression of damage. Then, the performance of the

damaged pier was repaired by resin epoxy injection and

CFS jacketing, and a similar test procedure was applied to

the repaired pier to check the effect of the repair on the

dynamic characteristics. Finally, the amplitude dependency

of the dynamic characteristics of the intact, cracked, and

repaired pier models were compared with each other.

2 Initial experimental model configuration, properties,

and testing

2.1 Model configuration and properties

Two identical RC pier models with the same configuration

were used to experimentally determine the dependency of

the dynamic characteristics on the vibration amplitude.

These RC pier models were designated as specimen No. 1

and No. 2. The specimens were as large as possible within

the limit of the capacity of the shaking table, to maintain

the proper vibration amplitude during the testing and to

enlarge the range of free vibration excitation amplitude

possible by hammer impact. The specimens were con-

structed to meet the recommendations and requirements

specified by JSCE (Japan Society of Civil Engineers)

standard specifications for concrete structures [13], to

closely match the characteristics of existing structures.

Generally, the scale effect of an RC structure is mainly

related to the strength of concrete, so the dependency of the

natural frequency and the damping ratio on the vibration

amplitude is not affected by any scale effect.

The geometries and reinforcement details of the speci-

mens are illustrated in Fig. 1, which shows that each

experimental model is a cantilever pier consisting of a

single column, cap and footing. The longitudinal rein-

forcement is continuous to the bottom of the footing, to

provide adequate moment resistance at the base of the

piers, and the connection between the piers and their caps

is also effectively continuous. A concrete block was used to

simulate a bridge superstructure supported by each pier

[13].

As illustrated in Fig. 1, the pier cross-section was a

rectangle of dimensions 100 9 150 mm. The clear column

height was 1,500 mm. The cap cross-section was also a

rectangle, of dimensions 300 9 350 mm and a height of

100 mm. In addition, the footing and the top weight had

square cross-sections with side length of 600 mm and a

height of 200 mm. In all cross-sections, the clear concrete

cover was 15 mm.

Each specimen contained four longitudinal reinforcing

bars of 10 mm in diameter, corresponding to a reinforce-

ment ratio of 2.08 %. Hoops 6 mm in diameter were

spaced at 100 mm throughout 300 mm from the top and
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bottom of each pier; hoops were spaced at 200 mm within

the central part of the piers. Four additional reinforcement

bars were added at the pier-footing connections and at the

pier-caps with length of 100 mm from the connection

surface to avoid cracks in the connection surface.

The yield strength of the longitudinal reinforcing bars is

401 N/mm2 and the Young’s modulus of the reinforcing

bars is 210 kN/mm2.

For specimen No. 1, during the experimental period of

127 days, the compressive and tensile strengths of the

concrete were 32.5 and 2.68 N/mm2, respectively, and the

Young’s modulus was 31.9 kN/mm2. For specimen No. 2,

during the experimental period of 155 days, the compres-

sive and tensile strengths of the concrete were 31.8 and

2.3 N/mm2, respectively, with a Young’s modulus of

29.1 kN/mm2.

Strain gauges were installed on both sides of all longi-

tudinal reinforcing bars at two positions: (1) in the bottom

cross-section of the pier, and (2) at a distance of 150 mm

from the top of the footing.

Figure 1 shows also the fixation of the pier footing to

two steel I-girders with six bolts of 20 mm in diameter, to

resist the longitudinal, transverse and rotational movement

of the specimen. The additional weight simulating a bridge

superstructure was fixed to the pier cap using four bolts of

20 mm in diameter.

2.2 Free vibration test

Free vibration was excited by hammer impact at the top of

the RC pier model with the additional weight. The hori-

zontal acceleration responses were recorded by an accel-

erometer placed at the top of the concrete block of the pier

model. The pier model oscillated around the weak axis of

the cross-section. The accelerometer measured 8,192 data

points per channel, resulting in a measurement period of

8.192 s for each set-up. The fixation degree of the speci-

men base was found by measuring the vertical acceleration

responses at the top of the footing. Figure 2 shows an

example of simultaneous measurement of free vibration

response waveforms. Figure 2a, c shows, respectively, the

time-history waveform of the measured horizontal and

vertical acceleration response at the top of the pier and the

footing that was subjected to large excitation amplitude,

while Fig. 2b, d shows the simultaneous measurement of

time-history waveform of the measured horizontal and

vertical acceleration response at the top of the pier and the

footing that was subjected to small excitation amplitude.
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Note that in Fig. 2d, an extremely small vertical accel-

eration at the top of the footing was revealed corresponding

to the small horizontal acceleration response at the top of the

pier model, whereas in Fig. 2c, a large measured vertical

acceleration at the top of the footing was revealed during the

large excitation amplitude. This implies that the movement

of the footing is not neglected and the radiation damping

occurs under large excitation of the pier. This radiation

damping could be assumed as a simulation of the effect of

the soil-structure interaction and energy dissipation [6].

We extracted the natural frequency of free vibration

response of the pier model using a fast Fourier transform

(FFT) algorithm [14, 15]. The damping ratio was identified

from the filtered free decay function by fitting exponential

functions to the relative maxima of these free decays [16].

Figure 3a illustrates the Fourier spectrum of the time-history

acceleration response of free vibration that is shown in

Fig. 2a; a band-pass filter was applied with bandwidth of 5 %

above and below the natural frequency to reduce the noise

effect. Note that in Fig. 3a, only one dominant frequency is

observed. The relationship of the acceleration versus wave

number of the peak of each cycle in the filtered waveform is

shown in Fig. 3b, in which the blue and the pink lines cor-

respond to the positive and negative exponential functions,

respectively, of the filtered free decay function.

2.3 Shaking table excitations

After conducting free vibration testing on the intact

specimens, we studied the influence of different damage

scenarios on the dynamic characteristics of each speci-

men by the application of shaking table excitation to

create progressive damage. The variations in the natural

frequency and the damping ratio of each pier model

were investigated after incurring damage at the plastic

hinge zone at the pier base. To represent moderate and

severe earthquake motions, each intact specimen was

excited by a scaled ground motion in imitation of the

1994 Kushiro earthquake with respect to the weak axis

direction of the pier model, using the JMA Kushiro

record with PGA of 0.7 g. The shaking table excitation

was conducted iteratively with seismic excitation inten-

sities of 15, 20, 25, and 30 %, followed by intensity

increases at 10 % increments until reaching 160 % of the

Kushiro peak intensity. Finally, the specimens were

repaired and these shaking table test procedures were

repeated to check the effectiveness of the repair with

regard to the dynamic characteristics of the specimens.

Each seismic excitation was followed by a free vibration

test to evaluate the changes in natural frequency and

damping ratio of the specimens.
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Fig. 2 Simultaneous measurements of the horizontal and vertical

acceleration time-history responses, respectively, at top of the pier

and footing. a Largest horizontal time-history response at the top of

the pier. b Smallest horizontal time-history response at the top of the

pier. c Largest vertical time-history response at the top of the footing.

d Smallest vertical time-history response at the top of the footing
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2.4 Model damage in initial experiment

Damage progress of the specimens during shaking table

excitations comprised horizontal flexural cracks. Early

cracks developed close to the bottom of the pier model,

within 150 mm from the top surface of the footing. At later

stages of the excitation, the cracks extended into the neutral

axis of the cross-section of the pier model, and horizontal

flexural cracks were developed to a distance of about

300 mm from the top surface of the footing, while the

concrete cover did not spall off. However, because no

significant diagonal shear cracks were found, the failure

mode of the specimens was identified as flexural failure [4].

3 Model repair: design, application, and testing

3.1 Summary of repair and testing

The damaged specimens were repaired by resin epoxy

injection and carbon fiber sheet (CFS) jacketing. The repair

procedures were similar in the two specimens and can be

summarized as follows. After the surface of the cracked

concrete was cleaned of small debris, the wide cracks were

injected with resin epoxy as illustrated in Fig. 4a, and putty

was applied to smooth the exterior. Epoxy was also applied

on the surface of the CFS sheets during wrapping of the

sheets around the pier cross-section. The epoxy-impreg-

nated sheets were tightly wrapped around the pier to ensure

that there were no entrapped air pockets or fabric distor-

tions. CFS jackets were wrapped twice, once with the fiber

orientation horizontal to prevent the shear failure, and

again with vertical fiber orientation to prevent the flexure-

shear failure [9].

In this work, we used CFS sheets of 0.111 mm thick-

ness, ultimate tensile strength of 3,400 N/mm2, and mod-

ulus of elasticity of 245 kN/mm2. Three days after

application of the wrapping, the repaired specimens were

tested to failure to examine the effectiveness of the repair

technique.

3.2 Seismic design of carbon fiber sheet jackets

Because there are no seismic repair design guidelines

available, we used the seismic retrofit guidelines for RC

piers to restore confinement using CFS jacketing [17].
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However, previous workers developed various experi-

mental models to derive the design equations of bridge

piers jacketed with composite materials under seismic

action, and to examine the applicability to seismic repair of

the design equation proposed by Priestly et al. [11] for

seismic strengthening. Consensus is that the design equa-

tion for bridge pier strengthening before an earthquake

could be applicable to seismic repairs after an earthquake,

if the shear strength contribution of the spiral bars in the

repaired piers is disregarded and 1.5 times more composite

materials sheets are provided [18].

Here, to provide a design baseline of CFS jacketing for

the purpose of flexural ductility enhancement and restora-

tion of shear strength, the design equations for bridge pier

strengthening before an earthquake (Eqs. 1, 6) were

adopted for seismic repair design by CFS jacketing, taken

according to Ogata et al. [10] and Zhiguo et al. [18].

Because the design approach and equations are detailed in

Priestly et al. [11], they are not repeated here; only the

pertinent final equations are provided to facilitate ease of

reference.

3.3 Confinement for flexural ductility enhancement

For enhancement of the flexural ductility of a rectangular

jacket with composite materials such as CFS, the maximum

required compression strain ecu of the CFS is given by the

following Eq. 1 [11]:

ecu ¼ 0:004þ 1:25qs � fuj � euj

f
0
cc

; ð1Þ

where f’cc is the compression strength of the confined

concrete. The conservative value of f’cc can be esti-

mated as 1.5 times of the compression strength of

concrete f’c, fuj and euj are the ultimate stress and strain,

respectively, of the jacket material, and qs is the vol-

umetric ratio of transverse reinforcement of the rect-

angular jacket that may be expressed as the followed

equation:

qs ¼ 2tj
bþ h

b� h

� �
ð2Þ

Here, b and h are the section dimensions of the pier

column and tj is the required jacket thickness. For a more

rigorous approach, the required level of transverse rein-

forcement qs should be satisfied with Eq. 3. To avoid

buckling of longitudinal reinforcement over a critical

length, several hoops of a longitudinal bar should be

involved in the strain hardening range of axial

compression.

qs ¼
0:45nf 2

s

EdsEt

ð3Þ

Here, Eds ¼ 4EsEi=ð
ffiffiffiffiffi
Es

p
þ

ffiffiffiffiffi
Ei

p
Þ2 is the double modulus

of longitudinal reinforcement at the axial stress in the bar

of buckling, fs; Et is the modulus of elasticity of the

transverse reinforcement; Ei is elastic modulus of the lon-

gitudinal reinforcement; Es is the secant modulus from fs to

the ultimate stress fu; and n is the number of longitudinal

reinforcing bars. For grade SD295A reinforcement, taking

fs = 540 N/mm2 corresponding to an axial compression

strain of 4 % and assuming that Et is the elastic value of

210 kN/mm2, Eds is found to be 34.365 kN/mm2, thus the

volumetric ratio can be expressed by Eq. 4:

qs ¼ 0:0000182n ð4Þ

This equation is based on equilibrium of the longitudinal

bar under the P–D effects of an assumed displaced shape

and the elastic restraining forces of the hoops. As a con-

sequence, in the absence of definitive analysis describing

the interaction between confinement and buckling resis-

tance, it is recommended that the amount of transverse

reinforcement required to restrain buckling be increased by

50 % above that given by Eq. 5:

qs ¼ 0:0000275n ð5Þ

Because the typical value of ecu ranges from 0.012 to

0.05 [11], here we have assumed ecu to be 0.012. After

substituting into Eq. 1, the volumetric ratio is found to be

qs ¼ 0:0066, which is satisfied with Eq. 5 of qs ¼
0:000109 for n = 4. The thickness of CFS could be sub-

tracted from Eq. 2, after substituting the value of the vol-

umetric ratio. Consequently, the solution would be

tj = 0.198 mm; which means, two carbon fiber sheets with

thickness of tj = 0.111 mm are required.

3.4 Restoring shear strength

The required jacket thickness for restoring shear strength

for rectangular columns is determined as in [11, 19]:

tj ¼
V0

;s
� ðVc þ VsÞ

p=2� 0:004� Ej � 2½bh=bþ h� ; ð6Þ

where /s is the shear capacity reduction factor, assumed to

be 0.85; Ej is modulus of elasticity of the carbon fiber

sheet; and Vc is shear capacity contributions related to

concrete. Because the thin cracks inside the core are not

repairable, Vc was neglected. Vs is shear strength provided

by hoops, assumed to be zero. Vo is the column shear

demand based on full flexural over-strength in the potential

plastic hinge zone. Here, Vo is calculated from measured

strains during the shaking table test with 50 % of the

Kushiro record excitation. In this test, the strain value

e = 1,174 9 10-6. Thus, the shear strength could be cal-

culated from:
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V0 ¼ e� EI

y� h
; ð7Þ

where E is the modulus of elasticity of concrete; I is the

second moment of inertia; y is the distance from the cross-

section edge to the neutral axis; and h is the pier height.

The increase in shear strength in the section is achieved by

constraining the opening of inclined cracks, where the loss

of aggregate interlock within these cracks through limiting

the column dilation in the loading direction is less than

0.4 % [11].

After calculating Vo, the required thickness tj becomes

0.046 mm; thus, one carbon fiber sheet with thickness of

0.111 mm is applied. This thickness is also satisfied with

the condition of the applicability to seismic repair of the

design equation proposed by Priestley et al. [11] for seis-

mic strengthening. Therefore the shear strength contribu-

tion of the spiral bars in the repaired piers is disregarded,

and 1.5 times more CFS sheets are required [18].

3.5 Extent of jacket for confinement

The recommended minimum length of the region of the

column to be confined for provision of enhanced ductility

is 37.5 % of the distance from the critical section [11].

Here, the plastic hinge length of the pier model is about

300 mm; hence, the required jacket length should be

500 mm.

Consequently, the plastic hinge zones of the specimens

were wrapped with three layers, having repairing length of

500 mm of CFS and an overlap length of 100 mm. Two

layers were wrapped with vertical fiber orientation to

restore the flexural ductility, and one layer was wrapped

with horizontal fiber orientation for restoring the shear

strength. Lastly, the repaired specimens were tested to

examine the effectiveness of the repair technique on the

dynamic characteristics.

3.6 Response on shaking table test

To elucidate the damage effect on the dynamic character-

istics, specimens No. 1 and No. 2 were tested to failure

both before and after repair, by applying shaking table

tests. The seismic behavior of the repaired specimens was

also evaluated and compared to the seismic behavior of the

intact specimens. An example of cracks in the damaged

specimens is depicted in Fig. 5a. We observed that the

crack size increased corresponding to gradual increase of

the excitation amplitude, until crack width exceeded about

2.0 mm around the pier perimeter. Hairline vertical cracks

were also observed at the plastic hinge zone within

300 mm from the bottom of the pier cross-section, though

the concrete cover did not spall off. Figure 5b shows a

repaired specimen; note the existence of flexural cracks

within a distance of about 150 mm from the top of the

CFS, while no cracks appeared on the surface of CFS.

From the shaking table test results, Fourier spectra of the

acceleration time-history responses were derived by

applying FFT analysis. Figure 6 shows examples of the

time-history waveform of the acceleration responses at the

top of the repaired specimen No. 2 subjected to Kushiro

input ground motion, scaled (a) to 10 % and, (b) to 160 %.

The related frequency domain representations are shown in

Fig. 6c, d.

As illustrated in Fig. 6c, in the frequency domain rep-

resentation of the acceleration response of the pier models

under Kushiro input ground motion scaled to 10 %, at least

four dominant frequency components, located at 3.09, 3.25,

3.36 and 3.54 Hz, are clearly seen. Within these dominant

frequency components, the largest dominant frequency is

located at 3.54 Hz. On the other hand, Fig. 6d shows the

frequency domain representation of the acceleration

response of the pier models under Kushiro input ground

motion scaled to 160 %, and at least four dominant fre-

quency components, located at 1.95, 2.1, 2.60 and 2.75 Hz,

are also clearly seen, the largest one located at 2.1 Hz.

We observed that increasing seismic excitation corre-

sponds to moving the dominant frequency to a lower fre-

quency region. We attribute this to the degradation of the

pier model stiffness caused by the damage sustained. The

natural frequency of free vibration test after each seismic

excitation, and the dominant frequency of the acceleration

response (scaled Kushiro excitation) of the intact and

repaired specimens No. 1 and No. 2 are illustrated in

Fig. 7a, b, in which the natural and dominant frequency

versus the seismic excitation intensity relationships were

denoted to clarify the reduction of natural and dominant

frequency of the specimens. The solid and open circles in

the figures correspond to the natural frequency and domi-

nant frequency, respectively. The black circles represent

intact specimens, and the red circles represent repaired

specimens.

Note that the dominant frequency derived from seismic

excitation is not equal to the natural frequency derived

from free vibration seen in Fig. 7. This is due to the effects

of the input excitation frequency characteristics on the

output response. Figure 7a, b also confirms a decrease in

the dominant frequency corresponding to the increase of

seismic excitation intensity in all cases. This could be

referred to the presence of cracks that caused deterioration

of the pier models in the plastic hinge zone.

To clarify how much the natural and dominant frequency

have changed in each case, the range of the frequency

changes and the ratio of frequency reduction of the original

and repaired specimens No. 1 and No. 2 are shown in

Table 1. The reduction ratio is defined as the ratio of
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extracting the frequency of the cracked specimen under

160 % of Kushiro excitation from the frequency of the

intact specimen. Table 1 reveals that a decrease of the

natural frequency corresponds to degradation of the pier

model stiffness caused by the damage sustained. Note that

the reduction ratio of frequency of both the intact specimens

is remarkably larger than the repaired specimen No. 2.

The changes in the damping ratio, derived from the free

vibration test after each seismic excitation with respect to

seismic excitation intensities, are shown in Fig. 7c, d. Black

and red solid circles correspond to the dependency of the

damping ratio of the intact (black circles) and repaired (red

circles) specimens on the seismic excitation intensities.

Although the increase of the excitation amplitude increases the

amount of damage which causes higher damping ratio,

Fig. 7c, d shows a large scatter of damping ratios based on

measuring free vibration data that followed each seismic

excitation. This scattering could be attributed to the difficulties

of applying a similar hammer impact in the free vibration test

that follows each seismic excitation. The acceleration
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Fig. 5 Cracks a in the plastic

hinge zone of the pier model,

and b at the top of the CFS

wrapping of the repaired pier
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specimen, b cracks in repaired

specimen
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Fig. 6 Time history of the acceleration response of specimen No. 2 subjected a to 10 % and b to 160 % of Kushiro seismic excitation, and the

corresponding Fourier spectra at c 10 % excitation and d 160 % excitation
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amplitude of the free vibration was small and uneven in the

range of (0.22–0.5) m/s2, and the damping ratios on specimens

with cracks are also affected by the energy dissipation around

the crack and the radiation damping at the fixation of the pier.

3.7 Strain time-history response

Local strain time-history response characteristics were

investigated to evaluate the behavior of the longitudinal

reinforcement. The strain time-history response was eval-

uated at the plastic hinge zone near the base of the pier

model, using data from the strain gauges installed at the

bottom cross-section of the pier and at a distance of

150 mm from the top of the footing.

In the strain time-history response, yield strain is defined

as the strain corresponding to yield strength divided by

elastic modulus of reinforcing bar, while the tensile strain

is the strain corresponding to concrete tensile strength

divided by elastic modulus of concrete. Examples of the

strain time-history response of the original specimen No. 1

subjected to 15, 100, 150 and 160 % of the seismic exci-

tations of the Kushiro record are shown in Fig. 8a. Note

that the strain response reached the tensile strain in the first

15 % of seismic excitation, and reached the yield strain

during 100 % of seismic excitation. During application of

150 % of the seismic excitation, the strain response showed

a sharp strain beyond yielding in all reinforcing bars. At

160 % of the Kushiro seismic excitation, a relatively large

compression strain is observed, and this compression strain

is due to the local bending of longitudinal reinforcing bars

in the cracked region.

Figure 8b shows examples of strain time-history

response of the original specimen No. 2 subjected to 10, 60,

100 and 110 % of the seismic excitations of the Kushiro

record. Note that the strain response is larger than the

tensile strain from the first 10 % of seismic excitation.

During the application of 60 % of seismic excitation, the

strain reached the yield strain. The strain response showed
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Fig. 7 Seismic excitation intensity of the scaled Kushiro earthquake versus a natural frequency and c damping ratio of specimen No. 1, and

b natural frequency and d damping ratio of specimen No. 2. a Specimen no.1, b specimen no.2, c specimen no.1, d specimen no.2

Table 1 Natural and dominant frequency changes and their reduction

ratio (in parentheses) of original and repaired specimens No. 1 and

No. 2 during seismic excitation test

Specimen

name

Natural frequency

during free

vibration test (%)

Dominant frequency

during seismic

excitation test (%)

No. 1

Original specimen 3.66–1.71 (53) 3.9–1.95 (50)

Repaired specimen 3.17–2.32 (27) 3.54–2.75 (22.5)

No. 2

Original specimen 3.17–1.71 (56) 3.54–2.11 (40.5)

Repaired specimen 2.93–2.08 (29) 3.11–2.75 (12)
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a sharp strain beyond yielding in all reinforcing bars from

100 % of seismic excitation, and the strains gauges broke

after 110 % of the excitation due to relatively large strain

response.

The strain time-history responses of the repaired speci-

men No. 1 recorded during its testing to failure are shown

in Fig. 9a for 15 % of the Kushiro seismic excitation and

Fig. 9b for 160 % of seismic excitation.

Strain responses were measured in the bottom cross-

section and at a distance of 150 mm from the bottom

section of the original and repaired specimen No. 1. Strain

time-history responses of the repaired specimen at a dis-

tance of 150 mm from the footing remained elastic at both

15 and 160 % of Kushiro seismic excitation, with values

that are too small compared with those of the specimen

before repair. However, the curve at 160 % of Kushiro
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Fig. 8 Strain time-history response of steel reinforcement at pier base of original specimens No. 1 and No. 2 subjected to different seismic
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excitation in the pier-footing connection region shows that

the strain response values of the repaired specimen are

larger than tensile strain, which may be attributed to fine

cracks developed in the pier-footing connection region,

even though such cracks could not be observed underneath

the CFS wrapping. Significantly, the CFS-wrapped section

remains essentially in the elastic range where measured at a

distance of 150 mm from the footing, illustrating that

repair with CFS provides piers with effective confinement

[20]. In addition, before and after repair, the strain time-

history response in the bottom cross-section of the pier

remains in the elastic range as illustrated in Fig. 9.

3.8 Response on free vibration test

To investigate the changes in natural frequency and

damping ratio under a series of different vibration levels

for the intact, damaged, and repaired specimens, we con-

ducted free vibration tests. In the intact specimens, the

vibration testing was in the elastic stage of the pier model.

After damage occurred in the plastic hinge zone of the

specimens, i.e., in the inelastic stage of the pier model, free

vibration tests were repeated. Finally, free vibration tests

were applied to the repaired specimens. Figure 10a, b

shows the maximum acceleration amplitude of each exci-

tation versus the natural frequency and damping ratio

relationships of each identified vibration level of the intact,

cracked and repaired conditions of specimen No. 1, and

Fig. 11a, b shows those relationships for specimen No. 2.

In all cases shown in Figs. 10 and 11, there is a similar

tendency of the relation between natural frequency and

excitation amplitude, and between the damping ratio and

excitation amplitude. This tendency is observed in the

elastic and inelastic stages of the pier model. In Figs. 10a

and 11a, we see that increasing of the maximum acceler-

ation amplitude leads to decreasing of the natural fre-

quency. On the other hand, in Figs. 10b and 11b, the

damping ratio tends to increase significantly with the

increasing of the maximum acceleration amplitude. The

changes of the dynamic characteristics could refer to the

effect of the fixation and the radiation damping at the pier

base. This fact confirmed that the measured vertical

acceleration increased with an increase of the excitation

amplitude, as noted in Fig. 2c, d, which leads to increasing

of the radiation damping.

Table 2 illustrates the maximum acceleration ampli-

tudes recorded from hammer impact of the intact, cracked,

after epoxy injection, and after CFS wrapping of the

specimens No. 1 and No. 2.

Table 2, Figs. 10 and 11 together illustrate that the

change range of the natural frequency and the damping

ratio depends on the acceleration amplitude in all cases.

Although the amplitude dependency of the natural fre-

quency and damping ratio show similar tendencies, it is

clear that when damage occurred, natural frequency

decreased and damping ratio increased remarkably com-

pared with the intact specimens.

It is also clear that the dynamic characteristics of the

repaired specimens were not improved by resin epoxy

injection of the wide cracks alone, which could be attrib-

uted to the low viscosity and low surface tension of the

resin epoxy, plus the existence of fine cracks impossible to

repair by epoxy injection. However, the stiffness of the pier

model was recovered by wrapping the damaged zone of the

specimens by CFS jacketing, and the natural frequency and

damping ratio of the pier model were restored to values

close to those of the intact specimens. The employed repair

technique of applying CFS jacketing is therefore proven to

have restored the dynamic characteristics successfully.

By comparing the results of the specimens No. 1 in

Fig. 10 and No. 2 in Fig. 11, it is also revealed that the

dependency of the natural frequency and the damping ratio

on the excitation amplitude in each test stage are almost

similar for both specimens.
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Fig. 10 a Maximum acceleration response versus natural frequency and b damping ratio of intact (pink triangles), cracked (dark blue squares),

and repaired (maroon triangles, purple diamonds) specimen No. 1

J Civil Struct Health Monit (2014) 4:289–301 299

123



4 Conclusions

Free vibration and shaking table tests were conducted to

failure on two similar RC pier models, to determine the

dependency of natural frequency and damping ratio on

vibration amplitude in the elastic and inelastic stages of

bridge piers. The damaged pier models were then repaired

by resin epoxy injection and CFS jacketing, and retested

following the same procedures conducted on the intact pier

models. We conclude that:

1. The natural frequency was decreased due to the

degradation of the pier model stiffness caused by

damage sustained. The natural frequency reduction

ratios of the original specimens during seismic exci-

tation test are remarkably larger than the one of the

damaged specimens.

2. Variation of the damping ratio corresponding to

damage level caused by seismic excitation showed

a scattering with respect to damage progress. This

scattering could be attributed to the difficulties of

applying a similar hammer impact in the free

vibration test that follows each seismic excitation.

The acceleration amplitude of the free vibration was

small and uneven in the range of (0.22–0.5) m/s2,

and the damping ratios in cracked specimens are

also affected by the energy dissipation around the

crack and the radiation damping at the fixation of

the pier.

3. In all cases, a similar tendency of the dependency of

natural frequency and damping ratio on the amplitude

is observed in the elastic and inelastic stages of the pier

model. Specifically, as the maximum acceleration

amplitude increases the natural frequency tends to

decrease, while the damping ratio tends to increase

remarkably. These changes in the dynamic character-

istics could be an effect of the fixation and radiation

damping at the pier base that was observed from

measuring the vertical acceleration at the top of the

footing.

When the specimens were damaged, the natural fre-

quency decreased and the damping ratio increased com-

pared with the intact specimens; however, the change trend

of the damping ratio is more sensitive than that of the

natural frequency.

4. Finally, when considering the dynamic characteristics

of a structure, we need to pay special attention to the

expected vibration amplitudes before choosing design

values.
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Fig. 11 a Maximum acceleration response versus natural frequency and b damping ratio of intact (black triangles), cracked (red squares), and

repaired (cyan triangles, bright green diamonds) specimen No. 2

Table 2 Natural frequency and damping ratio of specimens No. 1

and No. 2 under free vibration test

Specimen Acceleration

(m/s2)

Natural

frequency (Hz)

Damping

ratio

No. 1

Intact 1.26–0.016 3.91–3.42 0.026–0.0083

Cracked 0.83–0.016 1.953–1.587 0.052–0.02

Epoxy injection 0.66–0.022 2.2–1.83 0.043–0.017

CFS sheet 1.07–0.05 3.17–2.93 0.028–0.013

No. 2

Intact 1.28–0.0086 3.418–2.93 0.03–0.0087

Cracked 0.78–0.0134 1.83–1.465 0.036–0.0141

Epoxy injection 0.81–0.0067 2.2–1.71 0.038–0.01

CFS sheet 0.875–0.0038 3.17–2.81 0.027–0.008
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