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Abstract
Aspiral case structure presents various natural vibration characteristicswith damage in different degrees in peripheral concrete.
The natural vibration characteristics and resonance safety of a large semi-cushion spiral case structure with damage in varying
degrees in peripheral concrete are compared and analyzed. For this purpose, a finite element analysis method of vibration
characteristics, a four-parameter damage constitutive model of concrete, and spiral case structure of the Ahai Hydropower
Station are utilized. Results show that each mode of natural frequency of the spiral case structure declines after the damage
in concrete. The extent of the reduction in natural frequency is large when the damage is serious. The mode shapes of the
spiral structure are all complex and twisted before and after the damage in concrete. Afterward, however, amplitude increases.
After considering the damage, a new possible source of resonance cannot be identified. Resonance checking shows that the
damage in concrete cannot seriously harm the Ahai spiral case structure. Therefore, this study provides new reference and
support for the production design and safe operation of large semi-cushion spiral case structure.

Keywords Large semi-cushion spiral case structure · Natural vibration characteristic · Concrete damage · Resonance
checking · Four-parameter damage model · Finite element method

1 Introduction

The rapid development of large hydropower stations has
facilitated the continued establishment of hydropower sta-
tions with large heads and capacity. The scale and unit
capacity of these stations increaseswith the size of their spiral
case structure. The height of the bearing water head of spi-
ral case structure increases, and the parameters of its design
in the current code are no longer applicable. Hence, stud-
ies on large and giant spiral case structures are crucial [1].
Vibration problems exist in various houses in hydropower
stations. These issues seriously affect normal operations,
cause detrimental effects on hydropower stations, and con-
cern operators. Vibration and stability problems become
prominent with the increase in unit capacity.
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Studies conducted in various countries show that damage
exerts a certain effect on the natural vibration characteristics
of structures. Ditommaso et al. [2] studied the fundamen-
tal period of reinforced concrete buildings and its variation
in four damage levels. Hamad et al. [3] studied the degrada-
tion of vibration characteristics of reinforced concrete beams
owing to flexural damage through experiments and numer-
ical simulation with an improved crack model. Wang and
Ren [4] investigated the relationship between local dam-
age and structural dynamic behavior of a three-dimensional
steel frame structure through an experiment. Sevim et al.
[5] evaluated the effects of crack on the dynamic character-
istics of a prototype arch dam by using ambient vibration
tests. Altunişik et al. [6–8] investigated changes in dynamic
properties of damaged and strengthened arch dam mod-
els with and without reservoir water. Altunişik et al. [9]
also investigated the dynamic characteristics of undamaged
and damaged beams through calculation and measurements.
Altunişik [10] studied the effect of damage and time on
the dynamic characteristics of a box girder bridge model
using ambient vibration tests. Various studies have also been
conducted on the effect of damage on the natural vibration
characteristics of spiral case structure. Zhang et al. [11] and

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-018-3251-x&domain=pdf


4064 Arabian Journal for Science and Engineering (2019) 44:4063–4074

Tian et al. [12] studied the influence of damage caused by
fluctuating load on the natural vibration characteristics and
examined the effect of concrete cracks on the dynamic char-
acteristics of the directly embedded spiral case structure in
the Three Gorges Hydropower Station, respectively. These
studies indicate that the spiral case structure is an important
flow component of a hydropower house. Local damage in this
structure can exert a certain effect on its natural vibration
characteristics and compromise its vibration safety. There-
fore, examining the influence of local structural damage on
the natural vibration characteristics and vibration safety of
the large spiral case structure is crucial.

The application of the large cushion spiral case in
hydropower stations with high head and large capacity is
extensive. Thus, research on the large cushion spiral case
is crucial to meet the actual needs of the projects. A semi-
cushion spiral case is a special type, in which cushion is laid
only in a certain area on the upper external surface of cer-
tain parts, such as the straight pipe section of the steel spiral
case. In this study, the influence of damage in varying degrees
on the natural vibration characteristics of large semi-cushion
spiral case structure is investigated.

2 Four-Parameter DamageModel of
Concrete

2.1 Four-Parameter Failure Criterion for Concrete

We study the influence of different degrees of damage in
concrete on the natural vibration characteristics of large semi-
cushion spiral case structure. To achieve this aim, a four-
parameter failure criterion is used to simulate the damage in
concrete structure, which is established on the strain space
as follows [13]:
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The tensile strength of concrete is significantly lower than
its compressive strength. The value of εp is εp = Ct fc/E =
ft/E , where ft is the tensile strength of the material. fc is
the compressive strength of the material. Ct is the ratio of
tensile to compressive strength. E is the elastic modulus of

the material. Parameters a, b, c, and d can be determined
using the four groups of strength test data.

2.2 Four-Parameter Equivalent Strain for Concrete

On the basis of the principle, we assume that the four-
parameter failure criterion is applicable to the strain softening
stage and that the parameters are the same.We use equivalent
strain ε∗ to replace εp, such that the four-parameter equiva-
lent strain of isotropic damage model is obtained as follows:
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The definitions of variables in Formula (2) are provided in
Formula (1).

Formula (2) is a quadratic formula on ε∗. By solving
the quadratic formula, we can calculate equivalent strain ε∗
under various stress states as follows:
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The equivalent strain cannot be negative. Thus, the posi-
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2.3 Solution of DamageVariables

According to the equivalent strain principle of concrete dam-
age theory, the constitutive relation of concrete is as follows:

σ = σ(ε, εp, D) = εE0(1 − D), (5)

where εp is the strain corresponding to peak stress. D is the
damage variable, assuming that material initial damage D0

is zero. E0 is the elastic modulus when the material exhibits
no damage.

In the case of uniaxial stress, the tensile stress–strain curve
can be expressed as follows:
Rising curve (ε/εp ≤ 1):

σ

σp
= ε/εp

0.8(1 − ε/εp)1.8 + ε/εp
. (6)
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Decline curve (ε/εp > 1):

σ

σp
= ε/εp

1.2(1 − ε/εp)2 + ε/εp
, (7)

where σp is the peak stress of uniaxial tension and εp is the
strain corresponding to peak stress.

On the basis of the stress–strain curve in Formulas (6) and
(7) and in accordance with Formula (5), the damage variable
can be obtained as follows:

D = 1 − σ

E0ε
. (8)

For the multi-axial stress condition, ε in Formula (8) can
be transformed into equivalent strain ε∗. In addition, corre-
sponding damage variable can be obtained.

3 Analysis of Influence of Damage on Natural
Vibration Characteristics

The natural vibration characteristics of structure include nat-
ural frequency and mode shape. The finite element dynamic
equilibrium formula is as follows:

[K ] {δ} + [C]
{
δ̇
} + (

[M] + [
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]) {
δ̈
} = [R0] , (9)

where C and K are the damping and stiffness matrices of
the structure, respectively. δ, δ̇, and δ̈ are the nodal displace-
ment, velocity, and acceleration vectors, respectively. R0 is
the external load vector. M is the mass matrix of structure
and

[
Mp

]
is the additional mass matrix.

The stiffness of spiral case structure is relatively large, and
the spiral case is a type of high-frequency structure with high
natural frequency. The influence of water mass on the natu-
ral vibration characteristics of spiral case structure is limited.
Hence, the additional mass method can be used to approx-
imately consider the influence of water mass on the natural
vibration characteristics of spiral case structure. In addition,
the additional mass method does not require the establish-
ment of the finite element model and meshing for water body
and possesses high calculation efficiency. In this study, the
Westergaard additional mass method is applied to approxi-
mately simulate the influence of water mass. In addition, the
calculation formula of the additional mass matrix

[
Mp

]
in

this method is as follows:

Mp = 7

8
ρA

√
hy. (10)

In practical engineering, the influence of damping on the
natural frequencies and mode shapes of structure is minimal.

Damping force can be disregarded, and the free vibration
formula without damping is as follows:

(
[K ] − ω2 [

M̄
]) {δ0} = 0. (11)

In the formula,
[
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] = [M] + [
Mp

]
.

When calculating the natural vibration characteristics of
structure without damage, the stiffness matrix K in Formula
(11) is the original stiffness matrix K0 of the structure.When
calculating the natural vibration characteristics of structure
with damage, the stiffness matrix K in Formula (11) is the
stiffness matrix KD of the damaged structure.

In the seismic calculation of hydraulic structures, only
a few of the lowest frequencies are usually computed. In
this case, the direct filtering frequency method based on the
inverse power method is simple and effective. We employ
the direct filtering frequency method to calculate the natural
frequencies and mode shapes of structure.

The influence of damage on the vibration characteristics
of large semi-cushion spiral case structure is analyzed as
follows:

(1) A3Dfinite elementmodel of spiral case structure is estab-
lished.

(2) The damage in the spiral case structure is analyzed under
different overload schemes based on the four-parameter
damage model of concrete.

(3) The direct filtering frequency method is used to calcu-
late the natural frequencies and mode shapes of spiral
case structure in accordance with damage under differ-
ent overload schemes.The influenceof damageonnatural
vibration characteristics is investigated.

(4) Further analysis on the influence of damage on the nat-
ural vibration characteristics is conducted by analyzing
and comparing the resonance safety of natural and forced
vibration frequencies under various damage conditions.

4 Engineering Example

4.1 Basic Data

(1) Model scope
The intake section diameter of the Ahai Hydropower Sta-

tion is 9.85m. The thickness of the steel liner is 21–56mm.
A unit is considered the object of calculation and analysis.
The upstream boundary is located at the divided joint depart-
ment of the plant and dam, while the downstream boundary
is found at the external surface of the downstream wall of the
main building. The distance from upstream to downstream
is 34.10m. Both sides are divided by the permanent joints of
the unit and comprise a total distance of 34.00m from left
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to right. A basic elevation of 1, 423.135m of the upper sta-
tor of the hydraulic turbine is the upper boundary. A bottom
elevation of 1, 400.00m of the straight cone section of the
draft tube is the boundary at the bottom. This area comprises
a total of 23.135m. The cushion is laid on the straight pipe
section of the intake and part of the bend pipe section, and
its thickness is 30mm.
(2) Coordinate system

The calculation model is based on the Cartesian coordi-
nates. The X axis lies in the horizontal direction, and the
left direction (facing downstream) or along the longitudi-
nal axis of the building is positive. The Y axis also lies in
the horizontal direction, and the direction pointing upstream
is positive. The Z axis lies in the vertical direction, and the
upward direction is positive. The coordinate origin is found at
the intersection of the installation elevation for the hydraulic
turbine and unit axis.
(3) Model component and element type

Themodel is divided into six parts, namely stay ring, guide
vanes, steel liner, straight cone section of the draft tube, con-
crete, and cushion. We use four-node plate bending elements
to simulate the steel liner, stay ring, guide vanes, and straight
cone section of the draft tube. Eight-node hexahedron ele-
ments are used to simulate the surrounding concrete and
cushion. The model comprises 50,274 elements and 52,106
nodes. The steel liner, stay ring, guide vanes, straight cone
section of draft tube, surrounding concrete, and cushion are
divided into 3,272, 480, 820, 600, 44,262, and 840 elements,
respectively. The schematic of the model is shown in Fig. 1.
(4) Material properties

Tensile strength ft of concrete is 1.75 MPa. Compressive
strength fc of concrete is 17 MPa. The ratio of tensile to
compressive strength, Ct , is 0.10294. Parameters a, b, c, and
d of the failure criterion are 0.0132, 0.1239, 0.7469, and
0.2456, respectively. The remaining material parameters are
shown in Table 1.
(5) Boundary condition and contact properties

The bottom of the calculation model is considered multi-
constrained, whereas the outer boundaries of the structure
are considered free surfaces. The effect of friction contact of
concrete, steel liner, and cushion is analyzed using the gap
element method. In the analysis, the friction coefficient is
0.25, while cohesion is 103 kPa.
(6) Loads

The loads related to the spiral case of the hydraulic tur-
bine under normal operation of the hydropower station are
considered as follows: (1) dead weight of each part of the
structure, (2) uniform live load of 40 kN/m2 on the hydraulic
turbine, (3) load of each stator at 344 KN (the stator con-
sists of 18 foundation plates), (4) load of each low bracket at
2,916 KN (the low bracket consists of 12 foundation plates),
(5) water pressure in the cavity of the spiral case of 105.6 m
water head pressure, (6) hydrostatic pressure of the annular

plate on the stay ring from the top cover of the hydraulic tur-
bine is approximately considered the hydrostatic pressure at
the location of the unit installation elevation, and (7) water
pressure of the tail pipe is the pressure produced by normal
tail water level.

4.2 Calculation and Analysis

Six schemes are selected in analyzing the influence of dam-
age on natural vibration characteristics. These schemes are
as follows: Scheme 1 in which the damage in concrete is
not considered; scheme 2 in which the damage in concrete
under the design load is considered; and schemes 3, 4, 5, and
6 in which the damage in concrete when the structure bears
overload at 1.5, 2, 2.5, and 3 times that of the water load are
considered, respectively.

4.2.1 Analysis of Concrete Damage

Figures 2, 3, 4, 5, and 6 show the damage conditions of
concrete corresponding to schemes 2–6, respectively. From
these figures, the following observations are obtained:

(1) Under the design load, a certain degree of damage
occurs in only a small area around the junction of steel liner
and concrete while a slight damage is found in the concrete
of the spiral case nasal tip. The surrounding concrete of the
machine pier is undamaged. The stress level of the inlet sec-
tion is slightly low and does not reach the degree of damage.

(2)Under 1.5 timeswater load, the damaged area increases
gradually. At the same time, the area gradually appears at the
lateral section of the waist at 45◦ and extends to the flow
direction. However, the damage value is far from one. A
slight damage also occurs at the top of the inlet section of
the straight pipe and stator foundation at 90◦. The damage
phenomenon gradually expands with the increase in water
load.

(3) When the water load increases 2 times, the damage
between the surrounding concrete of the stator foundation
and platform of the generator layer is aggravated by stress
concentration. The damage value in this region reaches more
than 0.9, which indicates that this region is nearly completely
destroyed. The damage in concrete at the base of the 90◦
stator extends rapidly and expands. However, the damage
value is still small.

(4) Under 2.5 times water load, the damage phenomenon
in concrete is serious. At the top and waist parts of the inlet
section, a high damage value appears. At the same time, dam-
age appears at the top and waist parts of the terminal of the
inlet section. Although damage occurs on these parts, the
damage value of the waist in approximately 45◦ is small and
only roughly 0.2. However, at the junction of the periph-
eral stator foundation and platform of the generator layer,
the concrete is completely destroyed. Around a circle in
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Fig. 1 Three-dimensional finite
element model. a Model of
spiral case b steel liner, stay
ring, and guide vanes c stay ring
and guide vanes d cushion

Table 1 Material parameters

Material name Material type Volume weight (KN/m3) Elastic modulus (GPa) Poisson ratio

Concrete C25 24 28 0.167

Steel liner B610CF 78 210 0.35

Stay ring S355J2G3-Z35 78 210 0.35

Guide vanes S355JQN 78 210 0.35

Reinforcement II, III level 78 210 0.35

Cushion EPS foaming sheet 1.75 0.002 0.30

the plane, damage develops upstream. Furthermore, damage
occurs downward near 180◦, thereby forming an area with a
high damage value.

(5) Under 3 times water load, the damage phenomenon in
concrete is highly serious. At the top and waist parts of the
inlet section, a high damage value occurs. The damage value
at the waist in approximately 45◦ degrees is minimal, but it
reaches roughly 0.5. At the junction of the peripheral stator
foundation and platform of the generator layer, the concrete
is completely destroyed. Damage develops upstream beside
a circle in the plane. Furthermore, damage occurs downward
near 180◦, thereby forming an areawith a large damagevalue.

4.2.2 Analysis of Influence of Damage on Natural Vibration
Characteristics

On the basis of the analysis of concrete damage, we analyze
the influence of damage on natural vibration characteristics.
Table 2 shows the first ten natural frequencies of various
schemes. Figure 7 indicates the decreased percentage of the

natural frequencies under various schemes. Figure 8 shows
the first ten mode shapes of schemes 1, 2, and 4.

Comparing and analyzing the results of these schemes
show the following observations:

(1) The action of the internal water results in damage in
concrete of the spiral case structure.Unlike undamaged struc-
ture, the stiffness of damaged structure decreases, and each
mode of the natural frequency declines. Under the designed
load and after considering damage (scheme 2), the funda-
mental frequency decreases by 0.06Hz comparedwith that in
scheme 1 without considering damage, whereas the percent-
age of the first ten natural frequencies decreases by 0–1%.
After considering the overload damage (schemes 3–6), the
fundamental frequency decreases by 0.48, 1.94, 4.71, and
8.25 Hz, while the rates of the first ten natural frequencies
decreases by 1–6, 7–20, 7–35, and 39–49%, respectively.

(2) When the internal water pressure is large, the damage
in concrete is significant. The stiffness of structure decreases
further, and the decreased magnitude of the natural frequen-
cies of the spiral case structure is large. Under the designed
load and after considering damage (scheme 2), the decreased
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Fig. 2 Concrete damage condition of machine pier under the design load

Fig. 3 Concrete damage condition of machine pier under 1.5 times water load
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Fig. 4 Concrete damage condition of machine pier under 2 times water load

Fig. 5 Concrete damage condition of machine pier under 2.5 times water load
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Fig. 6 Concrete damage condition of machine pier under 3 times water load

Table 2 The first ten natural
frequencies of machine pier
under different schemes (Hz)

Mode Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Scheme 6

1 20.76 20.70 20.28 18.82 16.05 12.51

2 21.52 21.47 21.01 19.46 16.63 13.04

3 29.04 29.02 28.65 27.09 20.95 16.39

4 32.97 32.84 31.91 27.40 24.10 18.52

5 35.60 35.26 33.76 30.43 25.46 19.59

6 36.32 36.24 35.30 32.15 27.00 20.66

7 42.97 42.71 40.50 34.25 27.75 22.25

8 44.90 44.71 43.31 37.99 30.23 23.02

9 46.64 46.56 45.64 41.85 32.01 23.85

10 49.95 49.69 48.91 43.92 34.78 25.84

magnitude of the first ten natural frequencies is less than 1%.
After considering damage under 2 times overload (scheme
4), the decreased magnitude of 8 modes is higher than 10%
among the first ten natural frequencies, and the decreased
magnitude of individual mode reaches 20%. However, con-
sidering damage under 3 times overload (scheme 6), the
decreased magnitude of 9 modes is higher than 40% among
the first ten natural frequencies. Only 1 mode is less than
40%, but it reaches 39%.

(3) Comparing the mode shapes before and after the dam-
age in concrete shows that the mode shapes are all complex

and twisted vibrations of structure. However, after consider-
ing damage, the amplitude is generally large.

(4) Offsetting a cushion adversely affects the vibration
resistance. In the six schemes, the structure mode shapes
are accompanied by the vibration of the straight pipe. If
other conditions occur, for example when the cushion is seri-
ously worn after long-term operation, which disengages the
steel liner and surrounding concrete, then the natural vibra-
tion characteristics of spiral case structure will significantly
change. The fundamental frequency may further decrease.
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Fig. 7 Comparison of the first
ten natural frequencies of
machine pier under various
schemes
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Thus, the vibration of spiral case and hydropower plant eas-
ily occurs.

4.2.3 Analysis of Influence of Damage on Resonance Safety

The vibrations of spiral case structure in a hydropower sta-
tion are mainly those of the hydroelectric generating set. In
addition, these vibrations are primarily caused by hydraulic,
mechanical, and electromagnetic factors. Table 3 shows the
forced vibration source and frequency caused by mechanical
and electromagnetic forces and fluctuation in flow in accor-
dance with the actual conditions of the Ahai Hydropower
Station.

According to the regulations of the “Design Code for
Hydropower House” (SL/266-2001) on the resonance check
of machine pier wind cover, the ratio of the difference
between natural and forced vibration frequencies should be
greater than 20–30% [14]. Table 4 presents the resonance
check results of the first ten natural frequencies of the spiral
case structure in the Ahai Hydropower Station.

(1) In accordance with the rated speed nH = 88.2 r/min
and runaway speed np = 170 r/min of the Ahai Hydropower
Station Unit, we can determine that the natural frequencies
of the unit are 1.47 and 2.83 Hz, respectively. The natural
frequencies moderately differ from the fundamental frequen-
cies calculated under various schemes. Thus, resonance will
not occur and the Ahai Hydropower Station can meet the
requirements.

(2) Under the designed load with and without consider-
ing the damage in concrete, the results of resonance check
are similar to each other. The difference between the natu-
ral frequencies in the range of 29−37Hz and the vibration
frequency (30.87 Hz) caused by uneven flow of guide vanes
is within 30%. The difference between the natural frequen-
cies in the range of 42−50Hz and the vibration frequency
(50 Hz) caused by a non-tight joint of the iron core base
of the generator stator is within 30%. Therefore, resonance
may occur. Other natural vibration frequencies of the spiral

case structure and the sourcemay cause resonance with suffi-
cient stagger; otherwise, resonancewill not occur. Therefore,
after considering the damage in concrete under the designed
load, the fundamental frequency of structure insignificantly
declines. However, the possible resonance range is the same
as that of the case without damage, and no new possible res-
onance source appears.

(3) Considering the damage in concrete under 2 times
overload, the difference between the natural frequencies in
the range of 27−38Hz and the vibration frequency (30.87
Hz) caused by uneven flow of guide vanes is within 30%.
The difference between the natural frequencies in the range
of 41−44Hz and the vibration frequency (50 Hz) caused by
the non-tight joint of the iron core base of the generator stator
is within 30%. Therefore, resonance may occur. Considering
the damage in concrete under 3 times overload, the difference
between natural frequencies in the range of 22−26Hz and
the vibration frequency (30.87 Hz) caused by uneven flow of
guide vanes is within 30%, and resonance may occur. Other
natural frequencies of the spiral case structure and the source
may cause resonancewith sufficient stagger; otherwise, reso-
nance will not occur. Therefore, the possible resonance range
will undergo changes after considering the damage in con-
crete under various schemes of overload. However, no new
possible resonance source exists.

5 Conclusion

In this study, the damage in concrete of large semi-cushion
spiral case structure under various overload schemes, as well
as the influence of different degrees of damage on the natural
vibration characteristics and resonance safety of large semi-
cushion spiral case structure, is investigated. The effect of
damage on natural frequencies, mode shapes, and resonance
safety of spiral case structure is consistent with that of the
arch dammodel in [5–7], powerhouse in [12], and steel frame
structure in [4], respectively. The results validate the effect
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Mode 1          Mode 2         Mode 3         Mode 4       Mode 5

Mode 6         Mode 7       Mode 8         Mode 9        Mode 10

The first ten mode shapes of scheme 1

Mode 1          Mode 2         Mode 3         Mode 4       Mode 5

Mode 6         Mode 7       Mode 8         Mode 9        Mode 10

The first ten mode shapes of scheme 2

Mode 1          Mode 2         Mode 3         Mode 4       Mode 5

Mode 6         Mode 7       Mode 8         Mode 9        Mode 10

The first ten mode shapes of scheme 4

Fig. 8 The first ten mode shapes of the machine pier structure under various schemes
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Table 3 Frequency of vibration source of Ahai Hydropower Station

Type No. Cause of vibration Vibration frequency (Hz)

Vibration caused by mechanical factors 1 Vibration caused by eccentricity of
the unit rotating part

1.47, 2.83

2 Vibration caused by the collision
between rotational part and fixed
part

1.47, 2.83

3 Vibration caused by excessive
bearing clearance or superfine
spindle

1.47, 2.83

4 Spindle flange, thrust bearing,
spindle bending

1.47

Vibration caused by hydraulic factors 5 Pressure fluctuation caused by
cavitation of hydroturbine blade

100, 200, 300

6 Runner blade-hydraulic shock
pulse of guide vane

123.48

7 Vibration caused by uneven flow
on the guide vane

30.87

Vibration caused by electrical factors 8 Vibration caused by unbalanced
magnetic pull

1.47, 2.94, 4.41, 5.88

9 Pole frequency rotation of stator 199.9

10 Vibration caused by the asymmetry
of air gap of generator stator and
rotor

1.47, 2.94

11 Vibration caused by coil short
circuit of generator

1.47

12 Vibration caused by non-tight joint
of iron core base of generator
stator

50, 75, 100

Table 4 Resonance check table for spiral case structure

Frequency of vibration source f 0i (Hz) |( fi − f0i )/ f0i | × 100%

Natural vibration frequency of each mode f i

1 2 3 4 5 6 7 8 9 10

Scheme1 20.76 21.52 29.04 32.97 35.6 36.32 42.97 44.9 46.64 49.95

30.87 5.93 6.80 15.32 17.65

50 27.36 14.06 10.2 6.72 0.1

Scheme2 20.70 21.47 29.02 32.84 35.26 36.24 42.71 44.71 46.56 49.69

30.87 5.99 6.38 14.22 17.40

50 27.52 14.58 10.58 6.88 0.62

Scheme4 18.82 19.46 27.09 27.4 30.43 32.15 34.25 37.99 41.85 43.92

30.87 12.24 11.24 1.43 4.15 10.95 23.06

50 24.02 16.30 12.16

Scheme6 12.51 13.04 16.39 18.52 19.59 20.66 22.25 23.02 23.85 25.84

30.87 27.92 25.43 22.74 16.29

50

1 The frequency of vibration source f0i in the table is in order from low to high. 2 The blank space in the table is a non-resonance area
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of damage on the dynamic characteristics of structures. From
the results, the following conclusions are obtained.

(1) After the damage in concrete, the stiffness of spiral
case structure decreases, while the natural frequency of each
mode declines. When the damage in concrete is significant,
themagnitude of the natural frequency of spiral case structure
is further reduced.

(2) Before and after the damage in concrete, the mode
shapes of spiral case structure are complex and twisted. How-
ever, the amplitude of the case which considers damage is
generally large. The mode shapes are the main vibrations of
the weak position of structure, such as those of the straight
pipe section with cushion.

(3)Before and after the damage in concrete, the fundamen-
tal and natural frequencies under the rated speed of spiral
case structure differ, and resonance will not occur. Thus,
the spiral case structure of the Ahai Hydropower Station
can meet the requirements. After considering the damage in
concrete under various schemes, no new possible resonance
source appears. Resonance checking shows that some degree
of damage in concrete will not fatally harm the spiral case
structure of the Ahai Hydropower Station.

(4) The dynamic characteristics of spiral case structure
are related to its damage. Therefore, they can be used in the
safety evaluation and damage identification of the spiral case
structure. From the perspective of resonance safety, the spiral
case structures allow for a certain degree of damage.
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6. Altunişik, A.C.; Günaydin, M.; Sevim, B.; et al.: CFRP composite
retrofitting effect on the dynamic characteristics of arch dams. Soil
Dyn. Earthq. Eng. 74, 1–9 (2015)
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