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ABSTRACT: Based on considering the fluid-solid coupling problem in agueduct, the dynamic FEM model of
fluid-solid interaction was established by use of Galerkin Method. And the seismic response of Caohe aqueduct
structure in the South-to-North Water Diversion Middle Line Project was calculated. The results indicate that
seismic response of the agueduct structure increases with the rise of water level, and so the fluid-solid
interaction was of great influences on the seismic response of the aqueduct structure. The calculated results
could provide good instruction to forthcoming aqueduct construction and operational management and safety
monitoring.
KEYWORDS: agueduct; fluid-solid interaction; seismic response; dynamic characteristics, South-to-North
Water Diversion Project
1LINTRODUCTION
In engineering community, the fluid-solid interaction between some structures in fluids and fluids itsdlf is a
common problem that we often encounter. There is an extensive meaning for projects construction to study the
problem of fluid-solid interaction. The problem of fluid-solid interaction was firstly put forward by H. M.
Westergaard in the 193091]. In China, Prof. Zheng Zhe-min took some researches on coupled vibration
between water and plates and cantilever in 19505[2~3].In the period of 1960s to 1970s, the study on fluid-solid
interaction in overseas was active and the main research objects concentrated on hydraulic structures and
different ships which occurred coupled vibration caused by water waves. The theory of hydroelasticity was
established by a British specialist R. E. D.Bishop at that time[5~7]. At present, generally there are two methods
which can be used to research the problem of fluid-solid interaction. The first one is analytical-numerical
simulation, Geers double asymptotic approximation(DAA) commonly used so far[8]; the second one is
numerical method, including FEM, BEM, Lagrange-Eulerian Method and so on. In linear fluid-solid interaction
system(linear elastic structures and ideal incompressible fluid), there are al'so two methods often used to study
fluid-solid interaction problem. The first one is through taking displacement vectors of structures and fluids as
field variables to research fluid-solid interaction problem, such as displacement-displacement scheme[9~10]; the
second one is to use hybrid scheme which comes from structures displacement vector and fluid field variables,
such displacement-pressure scheme, displacement-velocity potential scheme and so on[11~12]. In FEM, if the
fluids are incompressible the method of Numerical Computing Method of Additional Water Mass is often
applied [13~14].
When we consider the character of fluids compressibility, the Galerkin Method is applied to construct
fluid-solid interaction FEM formulas between aqueduct and water in this paper. The research indicates that
numerical method can simulate the coupling interaction between water and huge water-retaining structures and
seismic response well.
2.CALCULATION PRINCIPLE
Fluid-solid interaction problem is very complicated and it involves in structure dynamics and fluids dynamics.
Usually, some supposes can be made according to practical engineering problems. As a result, the calculation
model will be simplified and efficiency will be improved effectively. In this paper, we not only consider big
structures coupled vibration, but also consider the interaction between water and big structures under condition
of small fluctuation. In practical calculation, in order to make calculation convenient we often suppose that
fluids are inviscid and irrotational flow. However, in most conditions, even though we make some supposes we
can not obtain analytical solution. So we can not but tend to numerical simulation method. Actually, some
structures with regular shape like cylinders maybe use special function such as Bessel function to get ideal
analytical solution. According to reference 8, through comprehensively considering Navie-Stokes equations and

continuity equation the FEM equations with displacement-pressure scheme (U, p) of uniform, inviscid and
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compressible fluids under condition of small fluctuation are constructed.

2.1 The dynamics model of fluid-solid interaction system and its basic equations and boundary conditions
Here we suppose that water is inviscid, compressible and suffers small disturbance. At the same time, we can
know that water’s free surface appears small fluctuation because aqueduct locates in low seismic intensity area.
We take aqueduct structures as linear elastic body because during the course of operation the aqueduct

structures don’t allow cracking. Here, V,andV, respectively represent solid domain and fluid domain. S, stands
for interfaces between solid and fluid. §, is fluid rigid fixed interfaces. S; is defined as water’s free surface.
S, is solid displacement boundaries. S, stands for forces boundaries imposed on solid. N is external normal
line unit vector of fluid boundaries. N, is external normal line unit vector of solid boundaries. Any point at
interfaces between solids and fluids n and n, are opposite directions.

2.1.1Fluid domain (V,)

The equations for fluid field are listed as follows:
1
Pi-—= $=0 1)
G

Here pisfluid pressureand C,standsfor sound velocity influids.

2.1.2The boundary conditions of fluids

Onrigid fixed boundary conditions(S,)) : ‘I?]Tp = 2
f
On water’s free surface(S; ) : E+£@& =0 ©)
z ¢

2.1.3%0lid domain (V,)
The equations for solid field are expressed as follows:
Sij,j+fi:rs&iﬁ (4)
Here S are solid’s stress components, U, are solid’s displacement components, f. are solid’s body force

components, I' _standsfor solid’s density.
2.1.4%0lid body boundary conditions

The force boundary conditions (S, ) can be expressed as follows:

s.n, =T )

s

The displacement boundary conditions (S,) can be written as follows:
u=u (6)
Here f and U, respectively represent the known surface force components and displacement components.

2.1.5Conditions on interfaces between solids and fluids

Kinetic conditions on theinterfaces (S;) are that normal velocity should keep continuous:
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Ve, =V N =V -Ng =-V - N =V, @)

n

By means of motion equation of inviscid, weakly disturbed fluids, the equation 7 can be changed as foll ows:

£+rf&&-nf =0 (oninterfacesS,)) ®

nf
Here u stand for solid’s displacement vectors, I ; isfluid’s density.
The continuous conditions of force oninterfaces (S,) are expressed as follows:
S;ng =t;n; =-t;ng 9
The equation 9 means that normal forces on interfaces are continuous. Here t;; stand for fluid’s stress tensor
components. If thefluids areinviscid thent ;- can be written as follows:
ty; =- pd; (10)
By substitution equation 10 into equation 9 we can get:
SNy = PNy (oninterfaces ;) (11)

2.2 Establishment of fluid-solid interaction FEM equations based on Galerkin Method
2.2.1Constructing inter polation function

For fluids pressure pattern is applied and pressure distribution in fluid’s element can be expressed as follows:
P(x Y.zt » @ N,(x,¥, D P, (t) =Np° (12)
i=1

Here m; are node numbers of fluid elements, p°®are node pressure vectors of fluid elements, N, is interpolation

function corresponding to node No. i, N isinterpolation function matrix.

For solid bodies displacement pattern is used and displacement distribution in solid element can be listed as follows:

&MO m, & O my
u(x,y,zt)= GVZ» a Ny 2y =aNxy2at)=Na (13
WE i=1 W B i=1

Here m are node numbers of solid elements, a°are node displacement vectors of solid elements, N. is

interpolation function corresponding to node No. i, N isinterpolation function matrix.
2.2.2Derived solving equations by means of Galerkin Method
The weighted residual solution of Galerkin Method for basic equations and boundary conditions of fluid-solid

interaction in fluid domain can be written as follows:
. 1 . Tp vyl P N Tp _
- —@)dV - ——)dS- —@B+—)dS- ——+r . &-n.)dS=0 (14
PR~ BV - PG S~ TP+ )dS- &Pl -1 8-n)

For solid domain supposed that displacement boundary conditions have been satisfied and then the formulas in solid
domain can be expressed:
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Fu (s, +f-r &av- cplu(sIJ - T)dS- cplu(sIJ ;- png)dS=0 (15

Through application of integration by partsto firstitem ¢ p(p;;)dV of formula (14), we can obtain formula (16):
Vs

d(dp)p,+—f&]dV+de(E@&)dS+ij(r M-n.)dS=0 (16)

Vs

Similarly by use of integration by parts to first item cylu, (S
V,

s

i )dV of formula (15) and substituting it into physical

equations, then we can get formula:

(Jde, D&, - fi +du (r (&)1dV - AHuTdS+ ¢fu (png)dS=0 (17
A S S

By substitution formula (12) and formula (13) into formula (16) and formula (17) respectively and at the same time

considering the arbitrariness of d panddu,, the FEM equations of fluid-solid interaction can be expressed as

follows:

eM,; 0 Uado, gK —Quaao o, 6

d (18)
g'Q Mfugz 80 K, ngzg g

Here p are pressure vectors on fluid’s nodes, a are displacement vectors on solid’s nodes, Q is fluid-solid coupling

matrix, M ; and K are global fluid mass matrix and global fluid stiffness matrix respectively, M and K  are

global solid mass matrix and global solid stiffness matrix respectively, F_ are external loads vectors imposed on
solids. Each  element  matrix  corresponding to  globa matrixes can be  expressed:

.
O—N NdV+O—N NdS; Kf= o%lmdv Q°= ¢y (N'n,NdS; M= ¢y N'NdV ;

\% Co St 9 S A

OB DBdV ; F, = NTfdV + 0 N'TdS , hereB is displacement-strain relation matrix of solids. From
Ve Ve oy
above calculation process we can see that M ¢ consists of two parts. The first part is M, and the second part

isM% .So we can know that M§ =M%, +M¢, HereM§, is dement mass matrix caused by compressible

fluids, M %, is element mass matrix caused by free surface wave problems. When considering the response of

agueduct under condition of earthquake, the FEM equations of fluid-solid interaction can be written as follows:

éM, 0 Uado eM Oua&o ng r_ a ogK —Quaao o 0

T ! - b f (19
&Q Mfggﬁr; &Q g@z 80 K, Eglﬁ §0 K, ngzg g
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A 1 _u
&M, 0 Uaho,  &s —Quahs . .
HeeC=a a G ++bé Iy (G, 1S damping matrix, a and b are proportional mass and
gQ" M &by 80 K Elg
f

stiff ness damping coefficients respectively.
3.FEM MODEL OF AQUEDUCT
Caohe Aqueduct locates in Shenxing Town, Mancheng County, Baoding City, Hebei Province. This aqueduct is
a large span cross structures in South-to-North Water Diversion Middle Line Project. The designed discharge is

125m°/ s the maximum designed discharge is 150m°/ s.The span of agueduct is 30m and the structure of
single connection of three flumes with multi-side walls is applied. Each flume’s cross section size is 6.0x5.4m
and the thickness of side wall is 0.6m. At the top of side walls 2m thick pedestrian plates are paved. The
thickness of middlie walls between each flume is 0.7m. Similarly, 2.7m thick pedestrian plates are paved on the
top of middle walls. Longitudinal prestressed structures are used by side walls and middle walls. Side ribs and
bottom ribs are fixed in agueduct body. On the top of the side walls and middle walls, pull rods are aso
constructed. The spacing of side ribs is 2.5m, the wideness and height of side ribs are 0.5m and 0.7m
respectively. The spacing of bottom ribs is also 2.5m, the wideness and height of bottom ribs are 0.5m and 1.1m
respectively. The wideness and height of pull rods are 0.3m and 0.4m respectively. The material of aqueduct is
C50 grade reinforced concrete which maximum compressive strength is about 50M Pa.
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Figure one The cross section of agueduct

3.1 The 3-D FEM mode

The single-span agqueduct is 30m long and 22m wide. In this paper tetrahedron element is used to calculate
agueduct structures. The rod element is applied to simulate steel strand and some steel bars. A total number of
64115 elements are subdivided. The X-coordinate is in the same direction with water flow. The Y-coordinate is
paralld to aqueduct’s wide direction. The Z-coordinate is in the same direction with eevation of agueduct. The
3-D FEM mode is abtained by soft ANSYS.
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Figure two The 3-D FEM modd of aqueduct
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3.2 Calculation cases

In order to ensure safe operation and obtain reliable economic benefit, it is necessary to take numerical
simulation on high strength and large span aqueduct structures. According to engineering practice and project
construction planning, six calculation cases are chosen in this paper. three flumes passing water under
condition of designed water depth(4.15m) and considering aqueduct gravity; @three flumes passing water
under condition of increased water depth(4.792m) and considering aqueduct gravity; ®three flumes passing
water under condition of bankfull water depth(5.4m) and considering aqueduct gravity; @three flumes passing
water under condition of bankfull water depth(5.4m) and considering aqueduct gravity and wind load; ®only
middle flume passing water under condition of increased water depth(4.792m) and considering aqueduct gravity;
®only two side flumes passing water under condition of increased water depth(4.792m) and considering
agueduct gravity. The calculation software was self-developed and this software could interface with ANSYS
and Autocad. In the past five years, the software have been successfully applied to some huge hydropower
project in China, such as Three Gorges Project, Jinping arch dam and Xiaowan arch dam.

3.3 The choosing of seismic waves

When taking seismic response calculation on aqueduct, it is necessary to choose reasonable seismic waves
because waveforms have profound effect on seismic response of agqueduct. According to site conditions of
agueduct, for the sake of thoroughly reflecting seismic response of agueduct under condition of different seismic
waves, in this paper EL-Centro wave, Taft wave, Pasadena wave are chosen as ground acceleration. The seismic
waves input methods listed as follows: when transverse excitation source happening then EW component of
EL-Centro wave, Taft wave, Pasadena wave should be inputted. If vertical excitation source taking place, then
NS component of EL-Centro wave, Taft wave have to beinputted. The concrete numerical values and maximum
amplitude are confirmed according to reference [15].

3.4 Calculation results

Before undertaking dynamic analysis water can be taken as a kind of additional mass of agueduct structure.
When calculation we can know that in the intake and outlet of aqueduct water is free and the boundary
conditions in intake and outlet of aqueduct are fp/in=0. Calculation results mainly include three parts. The
first part is transverse displacement in bottom plates in the middle of three flumes respectively. The second part
is longitudinal displacement in bottom plates in the middle of three flumes respectively. The three part is
rotation angle of middle cross section interwining axis of three flumes respectively (because of more calculation
cases, the calculated stresses and displacement contour plots are cancelled). Main calculation results are listed as
follows:

3.4.1Transver se displacement in bottom plates in the middle of three flumes
The maximum transverse displacement in bottom plates in the middle of three flumes respectively are listed in
table one under condition of EW component excitation of EL-Centro wave, Taft wave, Pasadena wave. From
table one we can know that the distribution law and changing trend of transverse displacement in bottom plates
in the middle of three flumes are similar. However, transverse displacement in bottom plates in the middie
flume is bigger than that of in two side flumes. With water depth increasing, the mass of aqueduct increases too.
As a result, transverse displacement in bottom plates in the middle of three flumes is gradually increased.
Furthermore, under condition of cross-wind loads action, transverse displacement in bottom plates in the middle
of three flumes is a little larger than that of without considering cross-wing load action. The increasing
amplitude is not obvious which indicates that water can effectively reduce transverse seismic response.
Figur e 1 the maximum transverse displacement in bottom plates
in the middle of three flumes
M aximum transver se displacement (mm)

case® | case® | case® | case® | case® | case®
Bottom platein the middle of right flume | 66.382 | 70.793 | 75.811 | 77.972 | 68.652 | 69.389

Bottom platein middle flume 72.831 | 76.443 | 83.935 | 86.384 | 74.915 | 74.227
Bottom platein the middle of left flume | 67.153 | 69.002 | 75.334 | 77.932 | 68.306 | 70.021

position

3.4.2Rotation angle of middle cross section interwining axis of three flumes
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The maximum rotation angle of middle cross section interwining axis of three flumes respectively are listed in
table two under condition of EW component excitation of EL-Centro wave, Taft wave, Pasadena wave. From
calculation results, the distribution law and changing trend of rotation angle of middle cross section interwining
axis of three flumes are same. Actually, rotation angle in the middle flume is bigger than that of two side flumes.
Similarly, considering cross-wind loads action the maximum rotation angle of middle cross section interwining
axis of three flumes respectively are larger that that of without considering cross-wind loads. With water depth
increasing, the mass of aqueduct increases too. As aresult, the maximum rotation angle of middle cross section
interwining axis of three flumes respectively increases too. In fact, the distribution law and changing trend of
rotation angle of middle cross section interwining axis of three flumes before and after water level changing are
same. So we can know that fluid-solid interaction obviously affects the value of rotation angle but less
obviously affects distribution law of rotation angle. Fluid-solid interaction calculation also indicates that seismic
response aroused by longitudinal waves is less than that of transverse waves.
Table 2 The maximum rotation angle of middle cross section
interwining axis of three flumes
Maximum rotation angle (rad)

case® | case® | case® | case® | case® | case®
Cross section in themiddle of right flume | 0.115 | 0.131 | 0.152 | 0.153 | 0.127 | 0.128

Cross section in middle flume 0.119 0.137 0.158 0.161 0.131 0.130
Cross section in the middle of |eft flume 0.113 0.133 0.153 0.155 | 0.126 0.129

position

3.4.3 Longitudinal displacement in bottom platesin the middle of three flumes
The maximum longitudinal displacement in bottom plates in the middle of three flumes respectively arelisted in
table three under condition of NS component excitation of EL-Centro wave, Taft wave. From calculation results
we can know that the maximum longitudinal displacement takes place in farthest point on agueduct along
seismic transmission direction (right flume is far from that of seismic source). However, no matter whether
considering fluid-solid interaction or not, with water depth increasing, the mass of aqueduct increases too. As a
result, longitudinal displacement in bottom plates in the middle of three flumes is gradually increased.
Furthermore, under condition of cross-wind loads action, longitudinal displacement in bottom plates in the
middle of three flumes is a little larger than that of without considering cross-wing load action. The increasing
amplitude is not obvious which indicates that water can effectively reduce longitudinal seismic response.
Transverse waves impose little effect on longitudinal displacement.
Table 3 the maximum longitudinal displacement in bottom plates
in the middle of three flumes
M aximum longitudinal displacement (mm)

case® | case® | case® | case® | case® | case®
Bottom platein the middle of right flume | 1.92 211 2.33 2.85 2.04 2.05

Bottom platein middle flume 1.55 171 1.88 1.92 1.69 1.69
Bottom platein the middle of |eft flume 1.88 2.09 2.30 2.73 1.99 2.03

position

3.4.4Vertical displacement in bottom platesin the middle of three flumes

The maximum vertical displacement in bottom plates in the middle of three flumes aroused by transverse waves
and longitudinal waves are very small respectively. Calculation indicates that no matter whether considering
fluid-solid interaction or not the vertical displacement changes a little. It shows that fluid-solid interaction has
little influence on agueduct vertical displacement.

4.CONCLUSIONS

(1) Results of different calculation cases indicate that considering fluid-solid interaction in aqueduct and
different water depth have close relation with agueduct seismic response. It is necessary to study fluid-solid
interaction mechanism under condition of seismic waves action[15].

(2) Different seismic response can be obtain under condition of different seismic waves excitation. Although
calculation results changing trends are similar the values of results are different. So, in practical project we must
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consider reasonabl e excitation direction and seismic waves.

(3) Under condition of cross-wind loads action the maximum longitudinal and transverse displacements are a
little larger than that of without cross-wind action. It indicates that water body can effectively reduce seismic
response of agueduct.

(4) The maximum longitudinal displacement aroused by transverse waves is very small. The seismic response of
agueduct brought by longitudinal waves action is less than that of transverse waves action.
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