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Abstract

Vibration characteristic is one of the important criteria that need to be
investigated regularly for the reliability of the dam structure. As the dam material
is degraded over the years, the vibration characterization must be performed to
investigate the effect of material degradation to the structural vibration. This
study shows a detail 3D numerical vibration analysis of the dam sector gate
section in terms of natural frequencies, mode shapes and frequency response
function (FRF) with consideration to the material degradation characteristics. The
real dam concrete materials are extracted from the site and tested to determine
the degraded young’s modulus value of the materials. The degraded young’s
modulus value is then compared with the original value using modal and
harmonic response analyses for both experimental and simulation. From the
study, the percentage of material degradation shows a significant value, which is
61.56 % of natural frequency value changes over 40 years period. The results in
terms of natural frequencies, mode shapes and FRF are compared for both
original and degraded materials of the dam structure. A maximum of 80.98 %
difference is observed at the third mode shape, whereby the maximum
deformation of the degraded concrete is more than double of the original
concrete. This result is important for the dam management as reference to any
flow-induced vibration phenomenon and future development of condition-based
monitoring (CBM) system.

Keywords: Dam structure, Frequency response function, Material degradation,
Modal and harmonic response analysis, Vibration.
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1. Introduction

Vibration studies on various type of dams have been conducted over the years. For
example, an experimental study on defection shapes of Xiaowan Arch Dam based
on the characteristic of contraction joint is done by Wang et al. [1], whereby three
model of dams are used as prototype. Each model is excited harmonically using
electromagnetic shaker and the dynamic response are captured using SLV-based
optical measurement system to produce the Operational Deflection Shapes (ODS).

Two sets of forced vibration testing have been conducted by Gomes and Lemos
[2] to determine the dynamic behavior of an arch dam. The dynamic behavior
obtained from the experiment in terms of natural frequencies and mode shapes are
compared with the numerical method, and good agreement have been achieved.

Mahdizadeh and Ghanbari [3] also developed a new formula to calculate the
natural frequencies using analytical method. This formula makes use of Poisson
ratio of dam body, shear wave velocity and height of dam to obtain the natural
frequencies. In this study, 2D QUAKE/W finite element (FE) software is used to
model and perform the dynamic analysis under two conditions: static and full
reservoir conditions. Unlike the concrete dam, earth dams can be categorized as
flexible structures. Thus, another study on how to estimate the natural frequency of
a dam with the dam foundation flexibility has been carried out by Hasani et al. [4].
The dam foundation is simulated using a transition spring to represent the flexibility
of the structure.

A vibration study for an arch dam has been carried out by Calcina et al. [5] to
study the ambient vibration induced by the dam. The research consists of both
experimental and numerical approaches, whereby the main objective is to analyse
the structural vibration properties of the dam that subjected to two different
reservoir water levels. For the experiment part, readings of the ambient vibration in
terms of amplitudes and natural frequencies are recorded for both working
conditions. Meanwhile, the numerical part involved the 3D Structural Mechanics
Module of COMSOL Multiphysics to calculate the natural frequencies as well as
the mode shapes.

Toyoda et al. [6] study the dynamic response of the arch dam that subjected to
different water level using both experimental and finite element methods (FEM).
Several forced and ambient vibration tests are done and compared with the FEM
results. The dam 3D model is divided into four different thickness layers, whereby
the model of impounded water utilized a special boundary condition along the
reservoir bottom and sides. A few meshes are prepared for the reservoir to compare
the simulation and experimental results.

Moradipour et al. [7] have developed an improved modal strain energy method
to detect and quantify the damage in complex structures at early stage of formation.
The reliability of this method is then verified with 2D simulation, whereby the
single and multiple damage scenarios are considered.

Chen et al. [8] have conducted research regarding the damage mode of
Huangdeng concrete gravity dam. This research is important to assess the dam’s
antiknock security under close-in explosive impact. The dam body and rock
foundation mass are simulated using Lagrangian mesh, while for the trinitrotoluene
explosive, Eulerian mesh is used to simulate the reservoir water and air.
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Another research on the similar field has been conducted by Lu et al. [9], to
study the effects of impact shock on the elastic response and dynamic fracture of
concrete gravity dams. In this research, the simulation study is vital since the
experimental method cannot simulate the failure process of the concrete dam over
the time. To further understand the behavior of the concrete dam, dam’s FEM is
constructed using ABAQUS software. However, only half of the dam is
numerically modelled due to symmetry in both boundary conditions and loads.

Most of the studies conducted over the years are limited to linear FE analysis,
where the stiffness of the structure is assumed to be constant, as stated by
Plumbridge et al. [10]. This method is limited to the models that have non-plastic
deformation due the material properties remain constant throughout the analysis.
There is a case of non-linear FEM application, whereby the stiffness of structure is
not assumed to be constant, and it considers both geometric, load and material
stiffness terms.

Two types of modal analyses on concrete arch dam have been studied by
Poursartip and Lotfi [11], which includes the decoupled and coupled modal
approaches. The decoupled modal approach relies on the independent modes of the
dam and reservoir, while the coupled modal approach relies on the mode shapes of
the coupled system. In order to evaluate the validity of both modal approaches, direct
method (pseudo—symmetric approach) is applied. In this method, all the basic data
are similar except for the type of damping. The damping used in direct approach
(Rayleigh-type), instead of common viscous damping. There is a slight difference in
result between the decoupled and coupled approaches, but not significant.

Modal analysis using ANSY'S software has been conducted to study the vibration
dynamic properties of structural elements. Yasmeen et al. [12] studied the properties
such as natural frequencies, mode shapes and damping ratio using modal analysis that
available in ANSYS software. Firstly, the natural frequencies are identified by free
vibration and secondly, frequency response function (FRF) curve is obtained by
performing harmonic analysis. The half-power bandwidth method is used to estimate
the damping ratio from the FRF curves. Compared to the time domain approach, this
method makes use of bandwidth at resonance to estimate damping.

Iman et al. [13] also used ANSYS software to investigate the dynamic behavior
of a small concrete gravity dam against different forces due to an earthquake. In
this study, the dam is modelled as 2D consisting of 172 planes and 82 elements.
Apart from 2D model, a dynamic interaction of the dam can be built using ANSYS
software [14]. Such models may include dam-foundation and dam-foundation-
water interactions. The effect on natural vibration characteristics under dynamic
interaction of compressible reservoir is studied in this research [15].

Most of the studies that been conducted for the dam vibration can be categorized
into experimental and simulation which concerned on the dynamic properties of the
dam. Also, it can be observed that the study on natural frequencies and mode shapes
of the dam are questionable in term of accuracy since most of the models did not
represent the detail 3D design of the real dam. Some studies only used 2D models
and the FRF curves of the modal analysis has not been carried out. The effect of
material degradation in terms of natural frequency, mode shapes and FRF are
important to be investigated for the reliable result of the dam behavior.
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In this study, the main objective is to investigate the reliability of the dam sector
gate structure in term of vibration parameters such as natural frequency, mode
shape, and FRF using the real scale 3D dam model. The comparison between the
real (degraded) and standard dam materials have also been carried out. This study
is important as the dam material is degraded over the years and the effect in term
of vibration is necessary for the dam, whereby the results can be utilized as the
input parameters for the future development of condition-based monitoring (CBM)
system for the dam.

2. Methodology
2.1.Modelling of the dam structure

Figure 1 shows the 2D drawing of the overall dam structure namely as Chenderoh
Hydropower Station that includes intake, right bank, left bank, bottom outlet, and
sector gate sections. Based on this 2D drawing, the overall dam structure has been
reconstructed into 3D model using the SolidWorks software.

Right Bank
Sector Gate
Left Bank Bottom Outlet

Fig. 1. 2D drawing of overall dam from top view.

Sector gate is one of the most important sections of the Chenderoh dam as it is
the location for water to be released from the upstream to downstream areas. The
sector and radial gates control the release of water. For the normal release of water
condition, only radial gate is operated. When it comes to the emergency condition,
both radial and sector gates are fully opened for the release of the water. Figure 2
shows the detailed 3D model of the sector gate that been constructed.

Sector gate bridge  Bridge to bottom outlet section

Sector gate

Radial gate

(a) (b)

Sector gate structure

Roller support

Fig. 2. (a) Sector gate section of Chenderoh dam
(b) Locations of sector and radial gate.
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2.2.Dam material characterization

In this section, the real concrete material characteristics are determined through the
compression test, and the real young’s modulus of the concrete is calculated based
on the experimental results. Figure 3 shows the concrete samples that been
extracted from the dam. The objective of this test is to determine the young’s
modulus value from the real dam concrete material, which is then be used for the
simulation study. From the data of the compression test, the young’s modulus E of
the concrete is calculated using following equation:

E=Z @)
where, ¢ and ¢ is the stress and strain, respectively.

Fig. 3. Real concrete samples from the dam.

To avoid any underestimation results in the simulation, the reinforcement
material is considered to strengthen the overall material of the dam structure. Table
1 shows three different samples and designs taken from the sector gate section of
the dam. The new E value with consideration of reinforcement material can be
calculated using following equation:

Etotal = [(Econcrete)(Vconcrete/Vtotal)] + [(Esteel)(Vsteel/Vtotal)] (2)
where, V is the volume.

Table 1. Three designs for reinforcement material calculation.
Case Study Design
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2.3. Initial validation of dam material

An experimental modal analysis (EMA) for the real dam concrete material is
performed and compared with the simulation of two different concrete materials
(real and standard) to verify the natural frequencies of concrete, before
proceeding with the simulation. To avoid any over estimation results, an initial
validation of the natural frequency of the dam material is necessary to be
conducted. The sample from the dam is extracted in the cube shape and mounted
as shown in Fig. 4.

Fig. 4. Rig development to mount the cube for EMA.

In this study, ANSYS software is utilized for the modal analysis of two types
of concrete materials, which are original or standard concrete material with E = 30
GPa and real dam concrete material with E value that been calculated using Egs.
(1) and (2).

2.4, Meshing method with sensitivity analysis for the sector gate section

In this section, three types of meshing which is automatic, hex dominant and
tetrahedral will be used for mesh sensitivity analysis. Tetrahedral meshing, as the
name implies, only creates tetrahedral-shaped mesh while hex dominant mesh is a
combination of tetrahedral and hexagonal mesh with the majority being the
hexagonal type. Automatic meshing on the other hand will go for the full hexagonal
type of mesh if possible or else, tetrahedral mesh will be created. The sizing features
of the mesh which includes size function, relevance centre, element and defeature
size are set to be the same for all type of meshing. Mesh sensitivity analysis is
necessary to obtain the optimum mesh type and size for the model [16].

2.5.Modal and harmonic response analysis of the sector gate section

Two steps of studies are carried out using ANSYS software. Firstly, the modal
analysis is performed to determine the first six natural frequency values and mode
shapes of the dam and secondly, harmonic response analysis is conducted in three
axes (x, y, and z) directions to get the deflection FRF curve. Instead of main
structure of sector gate, this modal analysis also covers all the detail components
such as the bridge, roller support, sector gate, radial gate, and pin support as
shown in Fig. 2, previously. All the base surfaces of the sector gate are set as
fixed supports to represent the dam foundation. To obtain the FRF, a gravitational
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force with magnitude of 9.81 N are excited in all three axis directions of the sector
gate section [17]. The natural frequencies, mode shapes and FRF graph
of the real and standard concrete materials can be obtained and discussed in the
result section.

3. Results and Discussions
3.1.Dam material characteristics

Table 2 highlights the result of the compression test for different cored materials.
From the table, there are two type of materials that been tested, firstly is the material
BH2013/1 from Unit 5 with 4 m of coring depth and another material with 7 m
coring depth. For the 4 m depth material, only one sample (S1) is available with the
result of maximum stress 29.20 N/mm? and maximum force of 60.34 kN, while for
7 m depth material, three results are available.

Table 2. Compression test results of the sample at 4 m and 7 m depth.

Number of Concrete Maximum Stress, Maximum force,
Core Sample O nax (N/mm?) Fonax (KN)
BH2013/1 Unit5 (4 m) S1 29.20 60.34
BH2013/1 Unit 5 (7 m) S1 33.04 69.22
BH2013/1 Unit 5 (7 m) S2 30.71 64.31
BH2013/1 Unit 5 (7 m) S3 32.02 67.09

In Fig. 5, all the necessary parameters at the destruction point of material S2
can be observed such as the maximum stress, strain, force, and displacement. These
values are used to calculate the young’s modulus of the concrete material. By using
the result of the compression test and Eq. (1), the resulting E value for the 2013 real
dam concrete material is 4.27 GPa, which is basically extremely low compared to
the standard E value of the real concrete (30 GPa). Due to this, as stated before, the
reinforcement material must be considered. Table 3 shows three different results of
E values based on the Eq. (2).

Table 3. Three different E calculations
with the consideration of reinforcement materials.

Case Study Calculation of E Value

Etota = (4.27 GPa) (26.13 m3/ 26.21 m®) + (200 GPa) (0.08 m®/
1 26.21 m3)
=4.87 GPa

Etota = (4.27 GPa) (12.34 m*/12.42 m®) + (200 GPa) (0.08 m*/
2 12.42 m3)
=5.53 GPa

Etotal = (4.27 GPa) (62.01 m3/ 62.15 m?) + (200 GPa) (0.14 m3 /
3 62.15 m3)
=4.71 GPa

Since the access of information from the as built drawing is very limited, the
highest E value from the case study 2 (E = 5.53 GPa) of the concrete material is
taken into consideration for the simulation purpose. This is to avoid any
underestimation results of the simulation study.
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Sample : BH201W1 UNIT 532 Dare : 201711/08
Test Type : Camp. Test Speed | 0.ENmmYSec
Company :
Shape: Rod
Dinmater Haight
Units mm mm
1-1 51,8400 101, 1300
Nama Max_Force Max_Disp Max_Siress Max_Strain
Units kM mm Nimmg2 %
1-1 54,3125 0.72800 30,7067 0.71987 ]
b e e SRR
)
Fij
4 ]
= 2 I I
E 18 - - /’
- [ )
% 15 T /
£ )
& 12 " -
2 ¥
e
B
....... | g PR FRRRPEN-RPN VU QU R -{RPRDE YA RN —
3 et
----------------------------------------------------------
0
o 015 0.3 A5 0e 0.75 0.5 1.05 12 14

Stroke Strain(%)

Fig. 5. Result of compression test (stress-
strain graph) of the sample S2 at 7m depth.

3.2. Initial validation results

Table 4 summarize the result of EMA of the cube in terms of natural frequency,
mode shapes and FRF graph. As shown in the table, the first natural frequency of
the cube is determined at 6570 Hz, the same as first peak value in FRF graph. The
mode shape is in bending movement shape with some curving effect on the surface
of the cube. Table 5 compares the modal analysis simulation result between both
materials in terms of natural frequencies and mode shapes. The value of 6400 Hz
is the first natural frequency of the real concrete material while for the original
concrete, the natural frequency obtained is 16650 Hz. This shows that there is a
large deviation of natural frequency values between both materials, which is about
153.4 %. Referring to Table 6, there is only 2.59 % difference between the
experimental and simulation results of the real concrete material. This result proved
that it is important to conduct an initial validation study for the material before
performing a real study for the sector gate section. Figure 6 shows the FRF graphs
of both materials.

Table 4. Result of EMA conducted on the cube sample.

Natural
Frequency

Mode Shape FRF Graph

6570 Hz

Accelerance (g/N)

0 2000 4000 6000 8000 10000

Frequency (Hz)
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Table 5. Comparison of simulation results
between 4.27 GPa and 30 GPa concrete materials.

Material Natural Frequency Mode_Shape

Real concrete (4.27 GPa) 6400 Hz

Standard concrete (30 GPa) 16650 Hz

—_—
Q
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4.1292e-7
2.1946e-7
1.1664e-7
6.1993e-8
3.2948e-8
1.7511e-8
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Fig. 6. FRF graph obtained from simulation of
(a) real concrete (4.27 GPa) and (b) standard concrete (30 GPa).

Table 6. Error analysis between simulation and experimental results.

. Natural Error Percentage
I Frequency (Exp-Sim/Exp)x100
Experiment / Real concrete 6570 Hz -
Simulation / Standard 16650 Hz 153.4%

concrete (30 GPa)
Simulation / Real concrete 6400 Hz 2.59%
(4.27 GPa)

3.3.Mesh sensitivity analysis results

Table 7 shows the three types of meshing and the corresponding natural frequency
results for the sector gate section.

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



2470 M. H. M. Ghazali et al.

Table 7. Comparison of different types of
mesh and its corresponding natural frequencies.

Types of 1t Natural

Meshing Mesh|“n>g Picture Erequency Mode Shape
Automatic 472 Hz
Hexahedral 4.65 Hz
Tetrahedral 4.65 Hz

From the table, the 1% natural frequency of sector gate section is 4.72 Hz for
automatic meshing and 4.65 Hz for both hexahedral and tetrahedral meshing. The value
of natural frequency is saturated at hexahedral meshing which indicates this type
meshing is optimized and reliable for the simulation of the dam structure. The graph of
mesh sensitivity analysis including the number of elements is shown in Fig. 7.

4.75
4.7

4.65

Natural Frequency (Hz)

4.6

Automatic (46926) Hexahedral (75369) Tetrahedral (182578)
Types of Meshing

Fig. 7. Mesh sensitivity analysis for three different types of meshing.

3.4. Modal analysis of the sector gate with real / degraded concrete (5.53 GPa)

Figure 8 shows the FRF result of the sector gate section in x-axis direction using
the real dam material of 5.53 GPa. It can be observed that the highest natural
frequency occurred at 7.8 Hz with a maximum deflection of 3.67 x 10° m. Table 8
shows the first six natural frequencies and mode shapes of the sector gate section
with a more detail localized deflection shape. The 1%t mode occurred at 5.149 Hz
with maximum deflection of 0.56 mm, where the upper part of sector gate main
body is deflected including the sector gate, radial gate, upper bridge, and stairs.
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Any vibration within this natural frequency must be avoided as it will make the
roller support, sector gate and radial gate collapse. The 2", 39, 4" 5" and 6" modes

occurred

at 5.183 Hz, 5.658 Hz, 6.872 Hz, 7.526 Hz and 7.826 Hz respectively,

with the highest deflection occurred at 4" mode with 15.52 mm, and this involved
the internal connection of the bridge to the bottom outlet section.
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Fig. 8. FRF graph for sector gate section in x-axis direction.

Table 8. First six natural frequencies and mode shapes of sector gate section.
Natural Deflection
Mode No. Mode Shape Frequency Value

1 5.149 Hz 0.560 mm

2 5.183 Hz 5.250 mm

3 5.658 Hz 3.63 mm

4 6.872 Hz 15.52 mm

5 7.526 Hz 8.50 mm

6 7.826 Hz 3.13mm
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3.5.Modal analysis of the sector gate with standard / non-degraded
concrete (30 GPa)

Figure 9 shows the FRF result of the sector gate section in x-axis direction using
the standard dam material of 30 GPa. The highest natural frequency occurred at 11
Hz with a maximum deflection of 1.34 x 10-° m. Table 9 shows the first six natural
frequencies and mode shapes of the sector gate section with a more detail localized
deflection shape. The 1% mode occurred at 5.447 Hz with maximum deflection of
0.56 mm, where only sector gate, radial gate and roller support are deflected. The
frequency differences between the original and degraded concrete can be observed
in Table 10. From the table, it can be observed that the large error will be occurred
if using the standard concrete material, which up to 80.98 % and this will affect the
reliability of the obtained results.

13379 ‘
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\

1884&10‘ / N\

£ ssose | -

'Esw_enT‘ JE St
S S S S R, =
2 | ; ; S S S S
4 4 2

Frequency (Hz)
Fig. 9. FRF graph for sector gate section in x-axis direction.

Table 9. First six natural frequencies and mode shapes of sector gate section.

Mode No. Mode Shape Natural Deflection
Freguency Value

1 5.447 Hz 0.560 mm
2 6.693 Hz 3.756 mm
3 10.24 Hz 3.634 mm
4 10.37 Hz 5.30 mm
5 10.55 Hz 4.937 mm
6 11.19 Hz 2.680 mm
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Table 10. Comparison between the
real (degraded) and standard (original) concretes.

Degraded Original .
Characteristics Concrete (E=  Concrete (E PSrcentgg%DD |ﬁe;’(e{|gg
5.53 GPa) —30Gpa)  (Deg—Def/Deg)
Maximum 367x10°m  1.34x10°m 62.67 %
deformation
1%t Mode 5.149 Hz 5.447 Hz 5.79 %
2" Mode 5.183 Hz 6.693 Hz 29.13 %
3" Mode 5.658 Hz 10.24 Hz 80.98 %
4™ Mode 6.872 Hz 10.37 Hz 50.90 %
5™ Mode 7.526 Hz 10.55 Hz 40.18 %
6" Mode 7.826 Hz 11.19 Hz 42.98 %

As shown in Table 5, there is a large difference in term of first natural frequency
value of the concrete between the real and standard materials. As the material is
modelled in complete sector gate structure, it will affect the overall trend or values
of the natural frequencies, as shown in Table 10. These values need to be
emphasized as it will affect the reliability of the dam structure such as for resonance
phenomenon. Thus, the accurate or recent dam material characteristics must be
considered. As the material degraded, the stiffness or strength of the structure will
also be reduced. This will affect the value of natural frequency (wn = (k/m)¥?),
whereby the value will be decreased as k is getting smaller [18, 19]. Apart from
vibration, climate and carbonation can also affected the material degradation of the
concrete material, as discussed by other researchers [20, 21]. From this study, the
data presented in Table 5 and 10 can be utilized by the dam management in
developing the CBM system to protect the dam as resonance might be occurred
from the flow-induced vibration phenomenon. The technique is beneficial since
CBM is important for the structure health monitoring nowadays.

4.Conclusion

In this study, the detail 3D numerical vibration analysis of a real scale dam structure
that focusing on the sector gate section has been carried out in terms of natural
frequencies, mode shapes and FRF with consideration to the material degradation
characteristics. From the results, the degraded concrete materials show a significant
decrement of E value to 4.27 GPa and 5.53 GPa (without and with reinforcement,
respectively). The initial validation of the dam concrete material compared the
results of natural frequencies between the experimental and simulation with an
acceptable error value of 2.59 %. Finally, the modal and harmonic response
analyses of the sector gate section for both degraded and original concrete materials
are obtained and compared. This represents the novelty of the study as from the
results, there is a large difference of in terms of natural frequencies, mode shapes
and vibration deflection values between the degraded and original concrete
materials, hence it is important to consider the effect of material degradation in the
vibration analysis of the dam structure.

Nomenclatures
F Force, N
E Young modulus, GPa
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k Stiffness, N/m

m Mass, kg

\Y Volume, m®

Greek Symbols

o Stress, N/mm?

e Strain

Wn Natural frequency, Hz

Abbreviations

CBM Condition-Based Monitoring

EMA Experimental Modal Analysis

FEM Finite Element Method

FRF Frequency Response Function

OoDS Operational Deflection Shape

SVEGM  Spatially Varying Earthquake Ground Motion
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