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ABSTRACT

Changes in vibration characteristics of reinforced concrete (hereinafter, RC) structures can provide useful
information for their damage assessment after a significant earthquake. This research involves a
combination of static loading tests and forced vibration tests, as well as an analytical simulation using the
finite element method, which has been conducted to evaluate the fundamental vibration characteristics of
an RC member affected by the seismic damage. The test specimens were RC planar members without shear
reinforcement, such that the progression of flexural and shear cracks can be observed. From the
experimental results, in addition to a decrease in the fundamental natural frequencies, an increase in the
number of resonance peaks which probably developed due to the occurrence of shear cracks was detected.
On the other hand, it was shown that the decrease in the primary and secondary natural frequencies of the
RC plane member can be well simulated based on the finite element model. However, more detailed
modeling may be necessary to capture the increase in the number of resonance peaks.

INTRODUCTION

When RC civil engineering structures at nuclear power plants (JSCE 2021) damaged due to a significant
earthquake, it is necessary to immediately assess the damage to make the restoration work smoothly.
Damage after an earthquake is usually assessed by direct visual inspection, but damage is not always visible
on the surface of structural members. In addition, it is difficult to assess the internal damage and the safety
of the entire structure. As one of effective means of assessing the seismic damage to RC structures, there is
a method that focuses on the change in the vibration characteristics of the structure (Rens et al. 1997; Aktan
et al. 2000) as described figure 1. This method is particularly suitable for RC structures, since the natural
frequency of RC structures changes as damage progresses (Neild et al. 2003; Seki et al. 2003; Nagata et al.
2012). This method has been mainly applied to aboveground structures such as bridges and buildings. In
general, it is not considered to be suitable for underground structures where the influence of the surrounding
ground is dominant. But the authors assume that it may be applicable when the vibration characteristics of
individual members such as walls and floors are to be evaluated.

In order to obtain a basic knowledge on vibration characteristics at the component level, we have conducted
vibration tests using a small vibration exciter on RC plane members subjected to out-of-plane loadings
(Nagata and Kanemitsu 2024). Since analytical studies are also needed to show the certainty of the trends
obtained in the vibration tests, in this paper, experimental as well as analytical natural vibration
characteristics of the RC plane member are discussed. The test specimen is an RC plane member, which
represents a wall or a slab in an RC under-ground structure. No shear reinforcing bars were used, to facilitate
the examination of both flexural and shear cracks. In the static loading test, vertical loading and unloading
corresponding to the out-of-plane direction were applied repeatedly. During the unloading phases of the
static loading, forced vibration tests were conducted using a small exciter on the test specimen. A set of
sweep excitations was induced on the specimen, and the resulting accelerations were measured to determine
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the vibration characteristics of the RC plane member. In the simulation analysis, a static nonlinear analysis

was firstly performed to simulate the dead load condition and the cyclic loading experiment. Then, the

natural frequency and natural mode of the specimen were evaluated by performing an eigenvalue analysis

using stiffness matrix that considers damage hystereses due to the static loads, to simulate natural vibration
characteristics estimated from the vibration tests previously performed.

«— Vibration

Sensors

Damage levels

T

8 = Ultimate B B |
Aboveground structure

Displacement

>

2 ¢

(V]

=]

[on

()

fre
Underground structure

Displacement

(a) Classification of damage levels of an RC member (b) Testing for above and underground structures

Figure 1. Outline of damage assessment for RC structures based on vibration testing.

TEST SPECIMEN AND EXPERIMENTAL CONDITIONS
Test Specimen

Figure 2 shows the geometry and the arrangement of reinforcing bars in the test specimen. It also shows
the locations of strain gauges attached to measure the strain on the main reinforcing bars. The test specimen
is an RC plane member with dimensions of 150 mm in thickness, 1,300 mm in length, and 1,400 mm in
depth. The material and structural properties of the test specimen are detailed in Table 1. The design of
these properties was guided by the Japanese guidelines and recommendations for the seismic performance
verification of critical underground RC structures in nuclear power plants (JSCE 2021).

Main reinforcing bars of D10 (SD685) are arranged in a single row at both the top and bottom of the plane
member with a cover thickness of 30 mm. The main reinforcement—bar ratio is 0.59%. No shear reinforcing
bars were placed to allow for the examination of both flexural and shear cracks. The yield stress and
Young’s modulus of the main reinforcing bars, as determined from tensile tests, were 761.2 MPa and 210.5
GPa, respectively. The compressive strength, tensile strength, and Young’s modulus of the concrete,
assessed through cylinder tests on the day of testing, were 25.8 MPa, 2.08 MPa, and 26.3 GPa, respectively.
The calculated flexural strength and shear strength of the specimen, based on existing formulas (AIJ 1999;
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Niwa et al. 1986), were 348.7 kN and 520 kN, respectively. Consequently, the ratio of shear strength to
flexural strength was estimated at 0.67%.

Table 1: Material and structural properties of the test specimen.

Compressive strength 25.8 MPa
Property of concrete Tensile strength 2.08 MPa
Young’s modulus 26.3 GPa
Longitudinal-bar ratio 0.59%
o Diameter 10 mm
Property of longitudinal bars Yield stress 7612 MPa
Young’s modulus 210.5 GPa
Strength capacity of test specimen Shear strength [8] 348.7kN
estimated from the material properties Flexural strength [9] 5204 kN
Strength ratio 0.67%
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(a) Bar arrangement of the specimen (b) Setup for the static loading test

Figure 2. RC test specimen and the loading setup.

Experimental Conditions

Figure 3 depicts the experimental setup used to induce seismic damage to the test specimen and the
arrangement of displacement sensors. In this static loading test, the lower two lines of the RC plane member
were simply supported, while loading and unloading in the vertical direction, corresponding to the out-of-
plane direction of the RC plane member, were repeatedly applied through the upper two lines using a
vertical jack. The vertical displacement was incrementally increased to achieve target drift angles (ratios of
vertical displacement to shear span of the RC plane member) of 0.25%, 0.5%, 1.0%, and 2.0%. During the
loading test, a vertical force was measured by the load cells installed in the vertical jack. Deflection of the
RC plane member were also measured by displacement sensors positioned in the vertical direction. Strain
gauges were attached to the main reinforcing bars on both the upper and lower sides of the member (see
Figure 2) to measure the strain in these bars.
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Figure 3. Setups for the static loading test and the forced vibration test.

Figure 3 describes outline of forced vibration test (timing of vibration test, setting of small exciter and
arrangement of accelerometer). The small exciter used here is S-0105 made by Asahi Seisakusho Ltd. Total
length, wight, and excitation force of the exciter are approximately 100mm, 0.4 kg and 9.8 N respectively.
In addition, frequency range, and maximum acceleration at no load are from 1 to 10kHz, and 245m/s?,
respectively. As for measurement, totally 18 strain accelerometers were attached on the top and bottom of
the RC plane member. The measuring range of the acceleration, the sampling frequency, and the resolutions
of the A/D conventions were 100m/s?, 20 kHz, and 16 bits, respectively. The forced vibration test was
conducted to the RC plane member in the vertical direction before loading and during unloading intervals
of 0.5%, 1.0%, and 2.0% drift loadings, while removing the vertical jack. In the vibration testing, a set of
sweep excitations was induced to the point CS, CC, and CN of the plane member (see Figure 6). The target
acceleration of the sweep excitation was 40 m/s?. While retaining the target acceleration, the frequency was
changed from 50Hz to 700Hz over 45 seconds, to capture the fundamental natural mode shape as well as
the natural frequency transition due to the seismic damage.

MODELING AND ANALYTICAL CONDITIONS

For simulation of the experimental behavior, a three-dimensional finite element analysis program DIANA
10.6 (DIANA FEA BV 2023) was applied. As constitutive laws of concrete, a total strain based orthogonal
fixed crack model is applied. The constitutive model based on total strain was developed along the lines of
the Modified Compression Field Theory, originally proposed by Vecchio and Collins (1986). Like the
multi-directional fixed crack model, the total strain-based crack models follow a smeared approach for the
fracture energy. The three-dimensional extension to this theory is proposed by Selby and Vecchio (1993).
The analytical model for the RC specimen is depicted in Figure 4. The RC specimen is modelled with the
nonlinear solid elements. The steel plate is modelled with linear solid elements. The total numbers of nodes
and elements composing the concrete model are 18,126 and 14,560, respectively. The main reinforcements
and the strength distribution reinforcements are modelled discretely as the embedded reinforcing bar
elements assuming the complete bonding between the concrete and reinforcements.

Nonlinear stress-strain models presented in the Standard Specifications for Concrete Structures (JSCE
2023) was used for the stress-strain hysteresis in the compression side. For the tension nonlinearity, a
tension softening model (Hordljk 1991) considering fracture energy based on the compression strength and
the maximum aggregate size is used. Although the material parameters assumed in the model are basically
determined based on the cylinder test results presented in Table 1, the tensile strength is set to 1.04 N/mm?
equivalent to 50% of the test value. The Al-Mahaidi shear retention function (Al-Mahaidi 1979) was used
to include the shear transfer behavior between the cracked surfaces of concrete, the compression strength
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increment due to the lateral confinement of concrete is modeled based on the Hsieh-Ting-Chen failure

surface (Hsieh et al. 1979). In the elements representing reinforcing bars, a bilinear stress-strain model,

which considers the Von Mises yield criterion as well as the kinematic hardening effect, is applied. The

material properties such as the Young's modulus and the yield strength are determined based on the tensile

test results for the reinforcing bars described in Table 1. The secondary stiffness ratio to Young's modulus
is set to 0.01 to provide the effect of strain hardening of these steel materials.
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Figure 4. Three-dimensional nonlinear modeling for the analytical simulation.

As with the static loading test, the lower two support lines were fixed, and vertical displacement was
repeatedly applied to the upper two loading lines in the nonlinear static analysis. Then, to simulate vibration
tests performed during the unloading intervals, the static analysis was interrupted at the unloading point of
the load-deflection hysteresis, and an eigenvalue analysis was performed while removing the displacement
constrain at the upper two loading lines. Here, a function built into Diana 9.6 was applied to calculate the
natural frequency and natural mode using the tangent stiffness matrix obtained by the nonlinear static
analysis. In the following chapters, we will focus on the extent to which the damaged vibration
characteristics from the vibration tests can be simulated by the combination of the nonlinear static analysis
and the eigen value analysis.

COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS
Damage and Hysteretic Behavior

Before discussing the vibration characteristics, the hysteretic behaviours in the static loading test and the
nonlinear static analysis are compered to understand the basic features of the damage patterns of the RC
member. The vertical force versus deflection (drift angle) hystereses based on the experiment and the
analysis are presented in Figure 5. As for the damage pattern, Figure 6 displays the damage on the E surface
of the test specimen after the static loading test, where a shear crack is noted on the N side span. On the
other hand, the contour plots of the maximum principal strain at the maximum displacement point and at
its unloading point based on the nonlinear static analysis are presented in Figure 7. From these figures, the
correlation between static experiments and analysis will be discussed as follows.
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In the experiment, several flexural cracks occurred at the mid-span with a displacement of 0.1% drift
loading, and a clear deterioration in stiffness was observed. Although a shear crack developed on the N side
span of the E surface at a 1.5% drift loading, no significant decrease in the stiffness was noted. The strain
of the main reinforcing bar has not reached the yield strain. The maximum crack widths of both flexural
and shear cracks exceeded 0.5 mm, and the residual crack widths became narrow to 0.1 and 0.25 mm,
respectively. This indicates that the shear crack tended to remain more easily than the flexural cracks after

the unloading path.
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Figure 5. Comparison of the force versus deflection relationships.
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Figure 6. Damage of the test specimen after the static loading test (E surface).
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Figure 7. Contour plots of the maximum principal strain based on the nonlinear static analysis.
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As mentioned above, the RC specimens exhibited nonlinear hysteresis mainly caused by cracking of the

concrete, while the analytical model correlated well with such nonlinear hysteretic behavior, as shown in

Figure 5. According to the contour diagram (see Figure 7), it is found that the maximum principal strain

corresponding to the flexural cracks in the mid span and the shear cracks in the shear span caused by the

load remain to a certain extent even after unloading. However, it is noted that the maximum principal strain

corresponding to the flexural cracks is more significant than that corresponding to the shear crack, which
is different from the tendency of the experiment.

Vibration Characteristics

To clarify the fundamental vibration characteristics of the RC plane member, the transfer functions were
assessed based on the Fourier amplitude ratio derived from the accelerations measured at the concrete
surface points CS, CC, and CN presented in Figure 3(c) and from the small exciter. Figure 8 and Figure 9
display the transfer functions of the RC member following the 1 % and 2 % drift loadings (corresponding
to the timing before and after shear cracking, respectively), which have been obtained from the force
vibration tests performed at the excitation point CS, CC, and CN. Based on the transfer functions of these
two damage states, the difference in the vibration characteristics before and after the occurrence of shear
cracking will be investigated as follows.

After the 1 % drift loading (see Figure 8), the spectra obtained by the three vibration tests (at the excitation
point CS, CC, and CN) reveal resonance peaks at approximately 290 Hz that is consistent across the three
measurement points (CS, CC, and CN). This value probably corresponds to the natural frequency of the
first vibration mode (symmetric mode) of this RC plane member. Additionally, in measuring points CS and
CN, resonance peaks with the same value were noted at approximately 450 Hz. This pattern may suggest
that it corresponds to the natural frequency of the second vibration mode (anti-symmetric mode) of the RC
plane member.

At meanwhile, according to Figure 9 (the results after the 2 % drift loading), a resonance peak at
approximately 260 Hz is revealed in the three points of the spectra, corresponding to the first natural
frequency for the symmetric mode. In the measuring points CS and CN, another resonance peak was noted
at approximately 450 Hz. This may represent the natural frequency of the second vibration mode (anti-
symmetric mode). Here, it is notable that after 1% drift loading, each resonance peak was clear, but after
2% drift loading (after shear cracks occurred), they became unclear. Moreover, at the experienced drift of
2%, an increase in the number of resonance peaks was noted, for example, at approximately 300 Hz at the
measuring point CN. This tendency indicates that the occurrence of a shear crack may lead to an increase
in the resonance peak.
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Figure 8.Transfer functions after 1.0% drift loading by the vibration test at the point CS, CC and CN.
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Figure 9. Transfer functions after 2.0% drift loading by the vibration test at the point CS, CC and CN.

Transition of the first and second natural frequencies of the RC plane member based on the experiment and
the analysis are summarised in Figure 10. The experimental natural frequencies of their experienced drift
angle in the experiment were estimated from the resonance peak of the transfer functions on the test
specimen. On the other hand, the analytical natural frequencies were obtained from eigenvalue analysis
performed at the unloading points at each drift angle in the nonlinear static analysis. From the observed
transitions in resonance frequencies, decreases in both the first and second natural frequencies were
confirmed, and this tendency can be well simulated based on the eigen value analysis considering the
damage hysteresis.

Figure 11 presents the analytical natural mode shapes at the unloading point after the 2 % drift angle
(unloading point). According to the calculated mode shapes, the first mode is a symmetrical mode with a
natural frequency of 242 Hz, while the second mode is an inverse symmetrical mode with a natural
frequency of 394 Hz. These characteristics generally align with the natural modes and frequencies estimated
from the vibration tests, thereby demonstrating their validity. However, the analysis results showed that
peculiar mode shape, in which local deformation was predominant, could not be observed. When trying to
simulate the change in vibration mode due to shear cracks, it is considered to be difficult to do so with a
distributed crack model in which cracks are uniformly distributed within the concrete element. It is
considered that some ingenuity such as finer meshing will be necessary.
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Figure 10. Transition of the fundamental natural frequencies based on the experiment and the analysis.
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Figure 11. Analytical natural mode shapes at the unloading point after the maximum displacement.

CONCLUSIONS

In this study, a combination of the static loading test and the forced vibration test using a small exciter, as
well as an analytical simulation using the three-dimensional nonlinear finite element method were carried
out, to investigate the fundamental vibration characteristics of a damaged RC plane member. Several key
findings related to the damage assessment of an RC structural member following a significant earthquake
are obtained as follows.

— A series of experimental results indicated that a typical change observed in the vibration characteristics
due to this loading hysteresis was a decrease in the fundamental natural frequencies. Additionally, an
increase in the number of resonance peaks in the higher frequency region of the transfer function was
detected. This suggest that local vibration modes of the RC member might emerge probably due to the
development of a shear crack.

- It was demonstrated that the decrease in the primary and secondary natural frequencies of the RC plane
member associated with the damage can be well simulated, based on the eigen value analysis
considering the damage hysteresis. On the other hand, from this analysis results, the natural mode shape,
in which local deformation was predominant, could not be observed.

Here, the authors present their conclusions from only one set of the experiment and the analysis. It is noted
that further detailed investigations using more experimental and analytical cases on the natural modes
considering seismic damage are required. Particularly, more detailed modeling must be necessary to capture
and explain the emergence of the local vibration modes which may be associated with the occurrence of a
shear crack.
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