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Abstract

In this study, IGA is introduced into the performance analysis of the expansion water seal

for an exact representation of its complex geometrical shape. Firstly, the incremental

equilibrium equations used in the large deformation analysis are derived for the IGA Published: 25/11/2022
discretization mo.del pased on the updqted Lagraqglan .formulatlon. The contact forc.es.are Accepted: 22/11/2022
treated as a special kind of traction, which results in a simple expression of the equilibrium
equations. Then, through the investigation of the contact conditions, the contact force is DOI:

verified to be solution of two box-constrained variational inequalities with respect to the 10.23967/j.rimni.2022.11.003
normal and tangential contact conditions, respectively. Furthermore, the incremental

equilibrium equations for all components of the water seal system and the variational
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inequalities for all contacts between the components are assembled together and Keywords:
reformulated as a global variational inequality, which is resolved by using the Extra-gradient expansion water 535}'
method. Ultimately, the new method is applied in the performance comparison of two performange analys!s
optional expansion water seals, in which the capability and precision of the proposed Isogeometric analysis
method are investigated. Results verify that the proposed method is effective in the frictional contact

numerical simulation of the expansion water seal and has a higher precision than the variational inequality

traditional FEM under the same conditions.

1. Introduction

Developing clean energy plays an important role in pollution reduction and has been placed at the core of the
environmental protection policy in a lot of countries. As a traditional clean energy, hydropower development has a
long history, especially in China. The hydraulic steel gate is a key component in the hydropower station. Because the
performance of the water seal directly determines the sealing effectiveness of the gate, reasonable and accurate
evaluations of the performance of the water seal are essential in the hydraulic steel gate design. In the last two
decades, a series of large hydropower stations, such as Wudongde, Baihetan, Xiluodu, and Xiajiaba projects, have
been constructed in the downstream of the Jinsha River in China, which are typically featured with high pressure and
large capacity. In this situation, the expansion water seal is verified to be more applicable than the conventional pre-
compression water seal [1], thus it is extensively used in the gate now. As a consequence, the performance analysis of
expansion water seal gained more attention in recent years.

Both model tests and numerical simulations were employed in the researches on the expansion water seal. To pursue
a high reliability in terms of working performance of the expansion water seal, model tests were conducted for the
hydraulic steel gate design in some large hydropower stations, e.g., Pubugou, Longtan and Laxiwa [2]. Although model
tests have resolved the performance evaluation for these stations successfully, they are costly and time-consuming.
Moreover, the results of a special model test may be wrong when the conditions change. Therefore, numerical
simulations become more popular in performance analysis of expansion water seal recently.

Reasonability and reliability of numerical simulation come from the thorough knowledge on the mechanical properties
of water seal material and the fundamental theories of numerical methods adopted. Expansion water seal is made of
rubber, a typical hyperelastic material, which is marked by large deformation and incompressibility. An accurate
constitutive model denoting the relation between the strain and stress in the expansion water seal is important to
promise the precision of numerical results, which attracted many scholars’ devotion. Based on the test results of
rubber material in laboratory, Mooney-Rivlin model [3] and Ogden model [4] were suggested for nonlinear analysis on
expansion water seal, and the applicability of the two models were further investigated by Tan et al. [5]. Considering
that Mooney-Rivlin model is reliable to describe the stress-strain relation of rubber material, if the strain is no more
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than 1.50 [6], it gains more popularity than Ogden model in previous researches [7,8] due to its simple expression.
When Mooney-Rivlin model is employed, increasing the number of parameters in the model will enhance the precision
of stress-strain relation adopted, but damage the computational efficiency. The optimal number of parameters in
model is investigated by Hu et al. [9] to reach a balance between the precision and the computational efficiency, and
Mooney-Rivlin model with three parameters is recommended ultimately. Generally speaking, scholars have profound
acquaintance with the mechanical properties of water seal materials after abundant explorations.

Up to now, the finite element method (FEM) is commonly used in the existing numerical simulation of water seal, for
the commercial FEM software is matured in simulating the material nonlinearity caused by the constitutive model of
rubber material, the geometric nonlinearity caused by large deformation, and the nonlinear boundary conditions due
to the contact between water seal and the steel plates [10]. However, the structure complexity of the expansion water
seal leads the modeling to be complicated and time-consuming when using traditional FEM. More importantly, the
geometry difference between FEM model and the actual water seal undoubtedly affects the accuracy of the results,
albeit it is subtle. Therefore, a numerical method with more reliability and high efficiency is expected to replace the
traditional FEM for a better analysis on the performance of water seal.

Isogeometric analysis (IGA), a novel numerical method proposed by Hughes et al. [11], originally aimed to bridge the
gap between computer aided design (CAD) and finite element analysis (FEA). Because the nonuniform rational B-
splines, which are widely used in most CAD tools, are adopted as basis functions, IGA is capable of representing the

exact geometry of engineering structures. Moreover, the conventional FEM uses Lagrange polynomials feature C°

continuity at nodes regardless of their order, while IGA with spline functions of order p has the ability to provide ™t
continuity at all non-multiple knots. This means that IGA shows better robustness and accuracy compared to the
conventional FEM for the same amount of degrees of freedom [12]. Owing to these significant advantages, IGA served
as a hot topic in engineering analysis since its birth and were adopted in the resolution of diverse problems in
structural mechanics, solid mechanics, and fluid mechanics. Developments of IGA theory and the related computer
implementation until 2015 were reviewed by Nguyen et al. [13]. Meanwhile, numerous enhancements have been
made to improve the ability of IGA to optimize the engineering structure, the progresses of which were reviewed by
Wang et al. [14] in 2018 and Gao et al. [15] in 2020. IGA could play an important role in the performance analysis of
water seal. On the one hand, the complex shape of the water seal can be represented exactly in IGA. On the other
hand, the capacity of IGA to treat the incompressibility in case of large deformation had been fully developed [16].
Thus, IGA is employed in this article to investigate the performance of expansion water seal in diverse conditions.

However, as mentioned above, the contact between the water seal and the steel plates should be taken into account
carefully when simulating the mechanical behavior of the water seal. A number of approaches, such as the interior
method [17] and surface potentials method [18], had been proposed to model contact in IGA. These methods fall into
two categories. The first type of method utilizes the classical penalty method to impose the contact conditions. In this
case, the value of the penalty parameter is vital in the analyses but hard to be determined. While, the second type of
method always adds the contact potential to the total potential analysis based on some assumptions, e.g., surface
potentials and the third medium [19], in which the rationality of those assumptions should be further investigated. To
avoid the demerit of the existing approaches, variational inequality (VI) theory [20] is introduced to formulate the
contact conditions as variational inequalities, and the extra-gradient method [21] is used to solve the equations
derived in the study. Considering that VI theory has been successfully used in the resolution of contact for a system of
discrete bodies [22], the new approach is theoretical feasible to improve the ability of IGA in contact simulation.

The remainder of this study is organized as follows. Section 2 briefly explains how the expansion water seal works and
presents the constitutive model of the expansion water seal. In Section 3, the basic theory of IGA is provided, and
formulations for larger deformation problem are illustrated. In Section 4, VI theory is briefly given firstly, and then, the
conditions regarding to the contacts between the expansion water seal and the steel plates are investigated, inducing
two variational inequalities equivalent to the normal and tangential contact conditions, respectively. Section 5 presents
how the proposed formulation to be resolved. In Section 6, an engineering example is simulated by using the
proposed method, including a comprehensive analysis on all focused properties and a comparative analysis for two
optional shapes of the water seal head. Section 7 concludes the paper.

2. A brief description of the expansion water seal and its constitutive model

2.1 Introduction of the expansion water seal

In the case that the expansion water seal is employed, the water seal system in the hydraulic steel gate is typically
consisted of water stop panel, left pressing plate, right pressing plate, bed plate and the expansion water seal, as
shown in Figure 1. Domains of water stop panel, left pressing plate, right pressing plate, bed plate and the expansion
water seal are denoted as Qp, Qrp, Qrp, Qpp and Qys, respectively. It is noticed that the gaps between the
components are enlarged in Figure 1 for a clear demonstration. Water stop panel, pressing plates and bed plate are
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made of steel, while the water seal is usually made of rubber. Through regulating the magnitude of back pressure, the
deformation of the expansion water seal and the contact between the water seal and water stop panel are adjusted to
seal up the reservoir water. When the hydraulic steel gate is to be closed, the back pressure is exerted on the
expansion water seal by using a specialized water or air pressure installation, and then the expansion water seal
deforms and moves upward. Back pressure will increase until the water seal contacts the water stop panel with the
expected length and stress, which stuffs up the gap between the water stop panel and the pressing plate. Finally, the
reservoir water is sealed up. Conversely, if the hydraulic steel gate is to be open, the back pressure is discharged
gradually and the expansion water seal backtracks. The gap emerges and the reservoir water flows in the gap freely,
which means that the force offered by the hoisting device to open the gate can be small.

Qrp
Reservoir water
Q Q
LP Qus RP

Back pressure Qpp

Figure 1. A schematic diagram for the expansion water seal

The performance of the expansion water seal is always evaluated from the following aspects. At First, the back cavity
formed by the expansion water seal and the bed plate is one critical section, the leakproofness of which directly
impacts the operation of imposing a prescribed back pressure. Once the water seal system has been assembled, the
stress magnitudes with regard to the contacts between the two water seal wings and the pressing plates and the bed
plate are the key variables to estimate whether the leakproofness of the back cavity is satisfactory. Next, the stress
magnitudes regarding to the contact between the water seal head and the water stop panel are the variables of the
greatest importance to assess the effectiveness of the water seal to seal up the reservoir water, which varies with the
width of the gap, the back pressure as well as the reservoir water pressure. Finally, the offset of the water seal head
appears due to the singularity of the reservoir water flowing, which is always investigated for a better understanding
on the wear of the water seal head. In summary, an expansion water seal should meet the specified requirements in
case of prescribed back pressure and reservoir water pressure.

The expansion water seal has a much greater magnitude in the axis direction than on the cross section. Meanwhile, it
suffers external loads having their directions parallel to its cross section and remaining unchanged in the axis
direction. These mechanical features induce that the expansion water seal can be treated as a plane stress problem in
numerical simulation.

2.2 The constitutive model for the expansion water seal

To simulate the performance of the expansion water seal reasonably, the constitutive model for the components of
the water seal system should be determined in advance, in which the model for the water seal is a key point. Because
the material of expansion water seal is rubber, Mooney-Rivlin model [23] gained more popularity in existing
researches, which is retained in this study. Based on the assumption of phenomenological theory of continuum
mechanics, the mechanical behavior of rubber is denoted by the strain energy per unit volume, due to its
hyperelasticity and isotropy. And then, the derivations of the strain energy in terms of the strain components are the
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corresponding stress components. Here some fundamental formulations and notations are introduced briefly.

The strain energy W is always evaluated through Green strain invariants, I, I, and I3. Green strain invariants are
defined as

BB L-MBeRRE L Q0

In Eq. (1), A4, A, and A3 denote the elongation of a volume element along the three principle axes, respectively. It is
noticed that I3 identically equals to one for the incompressible material. Therefore, W is only calculated by using I; and
I,, thatis

w=wu,l,) (2)

Then, based on the definitions in Egs. (1) and (2) can be reformulated as the following polynomial by using the power
series expansion method

W= ZCU(Il—B)i(IZ—S)i 3)
ij=0

where n is the order of polynomials, and Cj; is the material parameters. A different n adopted in Eq. (3) indicates a

different polynomial. Mooney-Rivlin models with two parameters, three parameters, five parameters and nine
parameters were employed by Hu et al. [9] in the numerical simulation of the expansion water seal, and the precisions
of the results and the computational costs were compared. It was verified that Mooney-Rivlin model with three
parameters had an accuracy close to that with five and nine parameters, while its computational cost was apparently
lower. Thus, Mooney-Rivlin model with three parameters is used in this study, which actually sets n in Eq. (3) as one
and has the formulation as follows

W= C10(I1 - 3) + COl(IZ - 3) + Cll(Il - 3)(12 - 3) (4)

Furthermore, a hyperelastic constitutive model representing the nonlinear stress-strain relationship of the expansion
water seal can be expressed by using the following incremental formulation

_ W
ds; = 5 e;0n dey (5)

in which Sij is the Kirchhoff stress tensor, € is the Green strain tensor.

Last but not least, the material parameters C; in Eq. (3) are usually determined by regression analysis on the
experiment data of the uniaxial stress state test and pure shear test.

3. IGA for the large deformation problem

3.1 B-spline and NURBS basis functions

Although a series of new spline technologies [24-26] have been introduced into IGA, B-splines and nonuniform rational
B-splines (NURBS) are still the most prevalent spline technologies in IGA at present. In B-splines, a knot vector = = {&;,
&2+« »&map+1} is @ sequence of nondecreasing real numbers in the parametric space, where m is the number of
control points and p is the order of the spline curve. The interval [, Em+p+1) is denoted as a patch, and the interval [&;,
¢;+1) is denoted as a span. Once a knot vector is available, B-spline basis functions can be recursively defined as

1 if & <E<&,
Ni (&) = {0 otherwise X
and
E _ Ei Ei+ +1 E
N;,(&) = mNi’p_l(E) + ml\hd,p‘l(f) (p =0) (7)
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It is noticed that a knot in = is permitted to repeat by augmenting Egs. (6) and (7) with a definition

(8)

olo
1l
o

Denoting the multiplicity of the knots as k, the continuity of the B-spline basis functions between knot spans is &
For a better understanding, a quadratic example is presented in Figure 2 for the knot vector = = {&, &, &3, &4, &s, &6, &7,
ES’ 69’ 510) Ell} = {O’ 0’ 0’ 1) 2: 3’ 4! 4’ 5) 5) 5}

Figure 2. A quadratic example for the B-spline basis function

With the basis functions in hand, a B-spline curve can be constructed as their linear combination:

C©= )Ny (OOF ©
i=1

inwhich P, e R4, i =1,2,..,m, are called as control points, and d is the dimension of the physical space.

B-spline surfaces and solids are the tensor product of univariate B-splines. Given a control net P; € R%Yi=1,2,...m,
i=1,2,..,n, polynomial orders p and ¢, and knot vectors == {&1,&, ..., §map+1}, @Nd © = {N1, Ny, s Nm+q+1}, @ teNsor
product B-spline surface is generated by

S,n) :ZZNi’p(E)%,q(n)Pi,j (10)

i=1 j=1

where N; ,(§) and Mj, q(n) are univariate B-spline basis functions of order p and g, corresponding to the knot vectors

= and O, respectively. Similar to B-spline surfaces, a tensor product B-spline solid can be defined if a control lattice
Py ; ., three polynomial orders, and three knot vectors are given.

Based on univariate B-spline basis functions, univariate NURBS basis functions can be defined by pairing a positive
weight w; with each basis function

N, ,©w, (1)
R ,(8) = mL

y N}-’p(f)W%
=1

And a NURBS curve can be constructed as
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C®)= ) Rp(EIP, (12)

i-1
Then, the bivariate NURBS basis functions are obtained as

N; , ()M , (n)wy; (13)
Rij,pq(f,n) T m oo 2 R

yay N?,p(E)M}',q(n)W?}
i=1 j=1

And a NURBS surface results from

S(E,’I)zzzRij,pq(E;rl)Pi,j (14)

i=1 j=1

Finally, the extension of Egs. (13) and (14) to the 3D situation induces a NURBS solid. It is noticed that B-splines can be
considered as a special case of NURBS where the weights are all equal.

A series of important properties of NURBS basis functions (likewise for B-spines) is illustrated by taking R;; ,,(&,n) as an
example. Firstly, throughout the patch [, §pvp+1) X [101, Mn+q+1), Rij pq (&5 N) is nonnegative. The second is the partition of
unity all over the patch. The third is the local support, which means that R;; ,,(&,n) = 0if (§,n) is outside the span
domain of [, §i+p+1) X [0}, Nj+q+1). The last one is the continuity that the interior of the knot span domain is continuous

up to C*, while the continuity between knot spans are c” ™ and ¢* in which k and I denote the multiplicity along two
directions, respectively.

3.2 Large deformation analysis using IGA with updated Lagrangian formulation

In this section, the formulations regarding to the expansion water seal is derived in the first place. Under the back
pressure and the reservoir water pressure, the large deformation of the expansion water seal usually happens. In the
conventional FEM, Total Lagrangian formulation and updated Lagrangian formulation were provided for large
deformation analysis. Considering that the updated Lagrangian (U.L.) formulation is more applicable to the situation
that the external loads vary with the body deformation, U.L. formulation is used for numerical analysis on the
expansion water seal in this study. Thus, a large deformation analysis using IGA with U.L. formulation is demonstrated
in this section. For a simple expression, the tensor notation is utilized in this section.

The incremental analysis is essential for the large deformation problems, which means that all physical quantities at
time t are assumed to be known, and the quantities at time ¢ + At are required to be solved. A pre-superscript is
introduced to indicate the time when the physical quantities are measured, e.g., ‘i, is the displacement measured at
time t. The principle of virtual displacement equivalent to the equilibrium condition required for the body at time ¢ +
At is formulated for the U.L. formulation as

f g, 5 e, dg =G (15)

where “A‘Sij and “Ateij are the updated Kirchhoff stress tensor and the updated Green strain tensor, which are both

defined referring to the configuration at time t, and *2¢Q is the virtual work resulted by the external loads, which is
calculated by

t+AtQ - J t+Attk6t+Atukdrt o J t+Atpk6t+Atukdrc o I t+Atfk6t+Atude (16)

in which T; and Tc represent the part of the boundary where the water seal doesn’t contact the adjacent steel plates
and the part of the boundary where the contact happens, respectively; fi denotes the known body force of the
expansion water seal; ¢, is the known tractions on Iy, which is resulted by the back pressure or the reservoir water
pressure; p is the unknown contact forces on I'c, which comes from by the compression and the friction between the
expansion water seal and the steel plates. Taking the water seal head in Figure 3 as an example, the reservoir water
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pressure induces t, where no contact between the expansion water seal and the top plate happens, but the forces on
the water seal are unknown at the boundary where the water seal contacts the top plate. Since the unknown contact
forces are directly involved in Eq. (16), some additional formulations have to be augmented for the determining of p,,
which will be illustrated in the next section.

Reservoir water

Figure 3. Known tractions and unknown contact forces at the boundary of the water seal head

The updated Kirchhoff stress “A‘Sij is the summation of and the updated Kirchhoff stress increment AS; and the
known Cauchy stress 7; at time t, that is

CALS = ASy + T (17)

Considering that teij is known, 6““617 is only determined by the updated Green stain increment Ae;;. Ag;; is the sum of

the linear part AeiLj and the nonlinear part Aejj, which can be computed as

- -1 1

in which Au,, represents the incremental displacement during the time interval At. Substituting Egs. (17) and (18) into
Eqg. (15), we have

JAsija (Ae;)dQ + jrija(Aeg’)dQ =t - J‘rija (Aeh)de (19)
Based on Eq. (5), the incremental stress-strain relation is written as

AS;=Dyjq Ay (20)
in which Dy, is the tensor denoting the constitutive relation. By ignoring the contribution of high-order terms, Eq. (19)
can be further expressed as

Jpaceut 5 (aef)an 5,6 (e o =0 - [0 (achya0 @

The domain of the expansion water seal Qus can be discretized into a set of elements, that is, Qus = UQ°®. NURBS
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functions in Eq. (13) are used for the approximation of the displacement field ‘u®, the displacement increment Au®,
and the coordinates x® within each element as

tu® = R(&,n)'u’,Au® = R(&n)Aus'x* =R (&,n)x°V(E,n) eQ® (22)

in which, ‘u® and ‘x° are the arrays containing the displacements and the coordinates of n® number of control points
in an element at time ¢, Au® is the array containing the displacement incremental of control points in an element
within the time interval At, R(&,n) = [R1(&, )L, R1(&, N, ..., Rne (&, N)I] is @ matrix of size 2 x 2n® with identity matrix Iin
R?. Here, R(&,n) is a simplified notation ofR,»j’pq(E,n) in Eq. (13), and n® denotes the total number of control points
whose R(&, n) has local support in an element Q°.

Combined Egs. (21) and (22), a matrix expression of the equilibrium equation can be obtained for an element Q¢ as the
following formulation

(K;, + Ky )Au® = Q° - F° (23)

Here the superscript e represents the quantity being defined for an element Q°. In Eq. (23),

K = IB{DBL de* (24)
Ky = ‘[B{ILTBNL dQ* (25)
F = [Bpracr @8)
where B; and By are given by
[ or, oR, oR ¢ (27)
x 9 ™ 0 o 0
_ R, R, oR .
Bofo 5 0 5 - 0
Ry Ry Ry R, PR Ry
boy ox oy ox == oy ox
F or, R, R e L (28)
x 9 ™ 0 ax 0
R, R, OR e
I 0 % 0 N 0
NL = q OR, 0 oR, 0 OR
ox ox ox
aRl SRZ aRne
0o = o == 0o =
h ay ay ay d

Matrices T and 7 associated with the Cauchy stress tensor t; are given by

T T, 00 (29)
Tyy Ty 0 0

0 0 741 7Ty

0 0 Ty Tp

T=[Tn T Ti2]” (30)

Finally,
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Q°= |R(&) tars + JR(E)Tpdrs + fR(f)desze (31

here, t = (tr, t,)", p = (p,, py)" and £=(f,,f;) are the vector expressions for t,, p; and fi, respectively. There is no
barrier to obtain the value of the body force f. However, the value of the contact force b is temporarily unknown.
Furthermore, the boundaries T'; and Tc are uncertain, so the contribution of the known tractions to Q¢ is also an issue.
The issues will be settled by introducing VI theory, which is demonstrated in the next section.

Besides the expansion water seal, the entire water seal system comprises the water stop panel, the left and right
pressing plate as well as the bed plate. These components are made of steel and their deformation is usually
restrained in the elastic stage. Elastic analysis is a fundamental application of IGA [12], so the detailed derivation of the
formulations and matrix equations in terms of elastic analysis of the steel plates are left out in this study. The
equilibrium equation for an element Q¢ in the steel plates can be expressed as the following matrix formulation after
the IGA discretization.

KpAup = Qp - Fp for ge € QTP, QLP’ QRP’ QBP (32)

where K” is the element stiffness matrix to be calculated as K;, in Eq. (24), Au® is the array containing the displacement
incremental of control points for the steel plates, QF is the load vector and F” is the vector denoting the contribution of

the existing stress to the equation. F and QF can be calculated based on Egs. (26) and (31). By assembling Eq. (23) for
the expansion water seal and Eq. (32) for the steel plates, the global equilibrium equation of the whole water seal
device will be obtained.

It is noticed that the contact forces acting on the steel plates are also uncertain in the resolution of Eq. (32). Therefore,
the positions and forces regarded to the contacts between the expansion water seal and these steel plates are the
critical quantities to be determined in the numerical simulation for the performance of the water seal system.

4. Variational inequalities for estimating the traction on the expansion water seal

4.1 Basic conception of VI theory

For convenience, a brief introduction to VI theory is given in this section; the details can be found in the monograph by
Facchinei and Pang [20]. A variational inequality is formally defined below.

Definition 1 (VI). Given a subset K of the n-dimensional Euclidean space R" and a mapping F:K - R", the variational
inequality, denoted by VI(K,F), is to find a vector x € K such that

(y-x)'F(x) 20,¥y €K 33)
Here, means “for any” and € “belonging to".
Definition 2 (Box constrained VI). The box constrained VI(K,F) is such that the set K is a closed rectangle given by
K={xeR":a;<x;<b,i=1,-,n} (34)

Here, a; and b; are possibly infinite scalars satisfying - < a; < b; < +co.

Box constrained VI(K,F) is an important linearly constrained variational inequality and has some familiar degenerate
forms. A point x € K is a solution to the box constrained VI(K, F) if and only if for every i,

X;=a; > F;(x) >0 a5)
a; <x; <b; = F;(x) =0x;b; = F;(x) <0
In the subsequent analysis, Eq. (35) is used to transform the contact conditions into VI.

4.2 VI for normal contact conditions

Figure 4 plots two elastic bodies coming into contact and undergoing deformation, one of which is called as the slave
body Q°, and another one is called as Q™, referring to the monograph by Wriggers [27]. Compared with the expansion
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water seal, the deformation of the steel plate is small. Therefore, the water seal is directly assigned as the master
body, while the steel plate is assigned as the slave body. ‘x™ represents the coordinates of a knot point located on the
boundary of the expansion water seal at time ¢, and its projection point ‘x® is determined based on the minimum
distance criterion [28]. The two points constitute a typical contact pair. Then, a framework (nc, 7¢) to identify the
normal and tangential directions regarding to the contact pair is defined, where n. is specified as the inner normal
direction of the expansion water seal boundary at ‘x™.

Qs Qs
e At t+dtys e&}
— d,
I'+Arxm
Qll’l

Figure 4. A schematic illustration of the contact restraints for a typical contact pair

Within a small time interval At, both the master and slave bodies deform, which induces a change in the configuration
of the contact pair at the end of this time step. The normal distance dn and the tangential relative displacement dr can
be calculated for given Au™ and Au®. Here, Au™ and Au® are the increment displacements of the master and slave
bodies within the time interval, respectively. Then, the tractions on ‘™/x™ and *2/x° can be estimated based on VI
theory, which finally induces two VIs as important augments to the equilibrium equations for both the master and
slave bodies.

The normal direction is investigated in the first place. Because the master and slave bodies cannot be penetrated into
each other, the normal distance dn should be nonnegative, that is,

dn = nCT(t+Atxm _t+Ath) = nCT(txm _txs +Aum (xm) _Aus (XS)) >0 (36)

The normal contact force p, is directly related to the normal distance dn. The expansion water seal suffers the back
pressure on the back and the reservoir water pressure on the head, which both have specified values. If the expansion
water seal contacts the steel plate tightly, in other words, dn = 0, p, must be greater than the normal force induced by
the back pressure or the water pressure. The normal force resulted by the back pressure and the water pressure can
be calculated as (n¢)Tt, which is actually the modulus of ¢ because both the back pressure and the water pressure act
on the expansion water seal boundary along the inner normal direction. Moreover, if dn > 0, the normal force applied
to I*Mx™ is (n.)t. The above conditions can be expressed as

- T
pn_(nc)Tt=>dn>0 (37)

Pn> (nc) t = dn=0
Comparing Eq. (37) with Eq. (35), Eq. (37) is equivalent to a box-constrained variational inequality with a; = (n.)"t and
b; = + oo; thus, the normal contact force must be the solution of the following VI

VI(K', '), with K"=[(n.)7t, +o), and F*=dn (38)

It is noticed that the boundaries I'; and I'c are determined when the normal contact conditions are formulated as Eq.
(37). If dn > 0, the point x™ is situated at the boundary T, of @™, and the point x° is situated at the boundary I'; of Q°. At
this point the normal forces applied to the two points are the known tractions. If dn = 0, the point x™ is situated at the
boundary T'c of @™, and the point x° is situated at the boundary Tc of Q°. At this moment the normal forces applied to
the two points are uncertain. Because the two cases are uniformly involved in Eq. (37), it is unnecessary to determine
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the boundaries Ty and I'¢ in advance.
4.3 VI for tangential contact conditions

As shown in Figure 4, if dn > 0 the normal contact force is (nc)"t, and the tangential force must be zero considering
that the properties of water pressure and air pressure. However, if dn = 0, the expansion water seal contacts the steel
plate tightly, the tangential contact force must be taken into account. In this case, a contact pair might be in one of two
contact states: the sticky state and the sliding state. The tangential relative displacement d: can be computed as

dr - TLI(t+AtXm _t+AtXS) = Tg"(txm _txs + Au™ (Xm) - AUS (XS)) (39)

The relative tangential movement in terms of a contact pair is dominated by the Coulomb friction law. Considering
that the direction of the friction acting on the slave body Q° is in agreement with the tangential relative movement, it is
denoted as p,. If a relative displacement happens, that is, dr * 0, the magnitude of p, will arrive at the maximum value
up, allowed by the Coulomb friction law, in which u denotes the Coulomb friction coefficient. Otherwise, if dr = 0, the
magnitude of dr is certainly smaller than up,,, but its direction is undetermined.

Based on the above analysis, for the sticky state, we have

Pr= ~Upn = —dc >0

Pr=Upp = —dr <0 (40)

The conditions about the tangential relative movement in Eq. (40) are written as a formulation of d: with the opposite
sign, which aims to provide an intuitive form for the subsequent analysis.

For the sliding state, we have

~UPn SPr SUPp = —dr =0 (A1)

Comparing Egs. (40) and (41) with Eq. (35), the two conditions can be considered as another box-constrained
variational inequality with a; = - up,, and b; = - up,,; therefore, p, must be the solution of the following VI

VI(K*,F), with K'=[-upnup.], and F'=-d; (42)

For each knot point located on the boundary of the expansion water seal at time t + At, the normal and tangential
contact forces must be the solutions of Eqgs. (38) and (42), which are the supplement equations for Egs. (23) and (32) to
estimate the traction on the expansion water seal.

5. Solution strategy

Up to now, a set of formulations, including Egs. (23), (32), (38), and (42), are derived to simulate the entire water seal
system, which can be resolved by various approaches. Actually, an arbitrary equation can be considered as a
degenerated VI in the framework of VI theory. Thus, gathering the formulations together will induce a total VI, and
then, Path Newton Method based on the merit function [22] can be employed to solve it. However, this way may be
inefficient because it doesn't take full advantage of the structural features of the formulations. The structural feature is
analyzed as follows.

To begin with, once the unknown contact forces are given, there is no difficulty to solve Egs. (23) and (32) based on the
classical FEM theory. And then, the normal distance dn and the tangential relative displacement dr can be regarded as
functions of the unknown contact forces. Finally, the relations between the unknown contact forces and dn and d: are
expressed as Eqs. (38) and (42). Therefore, selecting the unknown contact forces as the unknown quantity may be an
advisable choice, which means that the increment displacements of all components of the water seal system are
considered as the intermediate variables.

Assuming the number of contact pairs is mc during the current time step, the normal contact force p,, and the
tangential contact force p, in terms of m¢ contact pairs constitute two arrays p,, and 'p,, respectively. The normal
distance dn and the tangential relative displacement d: constitute two arrays dn and dr, respectively. Then, the
formulations including Egs. (23), (32), (38), and (42) can be expressed as the following VI. Let the subset K¢ = K" x K",
the mapping
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2m
FC:KC R =(d"-d") (43)

then (p,, p,) is the solution of VI (K®, F), K" and K® is composed of K" in Eq. (37) and K® in Eq. (41) regarding to mc
contact pairs, respectively. The mapping F¢ represents the calculation of d" and -d* for a given (p,, p;). Once the
value of (p,. p;) is given, the increment displacements of all components of the water seal system can be resolved
based on Egs. (23) and (32), and then d" and -d* can be calculated based on Egs. (36) and (39).

Eq. (43) is called as the global variational inequality for the problem, which is resolved by using the Extra-gradient
method. For a better understanding of the Extra-gradient method, an important definition and a proposition in VI
theory are introduced as follows.

Definition 3 (Euclidean projector). Let K be a convex subset of R". It is well known from convex analysis that for every
vector x € R" there is a unique vector X € K that is closet to x in the Euclidean norm, as shown in Figure 5. This closet
vector X is called the Euclidean projector of x onto K and denoted by IIx (x) . The mapping Ilg:x +— IIg (x) is called
the Euclidean projector onto K.

X=IL(x)

Figure 5. The projection of a point onto a closed convex

Proposition 1. Let K c R" be a closed convex and F:K - R" be arbitrary. A point x € K is a solution of VI (K, F) if and
only if

F(x)=x-Tg(x-F(x))=0 (44)

where Fi#* (x) is called the natural map associated with K, and IIx (x) is the Euclidean projector.

In the resolution of VI, various projection methods have been proposed based on Proposition 1, in which the Extra-
gradient method is most widely acceptable [20]. The whole computation process of the Extra-Gradient Method is
described below.

Algorithm Extra-Gradient Method
Step 0. Set By=1.0, 111,15€(0,1) and nq<n,, xoeK, k=0, error limit €.
Step 1. ik=HK(xkakF(xk)), if ||xk75(kuooze, go to step 2.

i BilF OK)-F (%K)
koxky

Step2.r
Ix

while rk>r12, By =By <0.5

+k

%K1 (K-, F(xK)), kP ERXT ) (s

k5K
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end (while)

if rk<ny, By =By <15

step 3. xK+1=xK, By +1=By» and k=k+1, go to Step 1.

In this study, the parameters in the Extra-Gradient Method algorithm are set as € = 0.00001, n, = 0.4 and n, = 0.9. More
details of the Extra-gradient method can be referred to the monograph by Facchinei and Pang [20] and the article by
Jiang et al. [21].

6. Performance analysis for the expansion water seal using the proposed method

According to the requirements of the steel gate design for a planned hydropower station located in the downstream of
the Jinsha River in southwest China, the performance analysis is implemented for two optional expansion water seals,
the geometries of which are illustrated in Figure 6. It can be observed that the main difference between the two
options is the shape of their seal heads.
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Figure 6. The geometries of two optional expansion water seals (unit: mm)

The proposed method is employed in the simulation of the deformation of the two options. And their IGA
discretization models are plotted in Figure 7. Performance comparison is executed in terms of the leakproofness of the
back cavity, the contact between the seal head and the stop panel as well as the offset of the seal head. Finally, a better
option is recommended after a comprehensive consideration.
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Figune 7. The IGA discretization models for two optional expansion water|seals
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The two options are both made of LD-19 rubber, which is commonly used for the expansion water seal in hydraulic
power stations such as Three Gorges Project. Their values of Cyq, Cy1, and Cyq in EqQ. (4) have been measured by Liu et
al. [3], which are 1.1505, -0.3286 and 0.0816, respectively. The steel plates have physical properties: Young’s modulus
E =2.07 x 10° MPa, Poisson’s ratio v = 0.3. Referring to the design code, the friction coefficient u is taken as 0.60 for the
contact between the water seal and the steel plate.

6.1 The free expansion of the water seal head

The free expansion of the water seal head, that is, the upward movement of the seal head without the effect of the
water stop panel and the reservoir water pressure, is an important reference value in determining the width of the
gap between the pressing plate and the water stop panel. By using the proposed method, the deformations of the two
optional expansion water seals only suffered, when the back pressures are investigated, and the upward movements
of the water seal head are measured. To verify the validity of the proposed method, the resulted movements are
compared with the results of the laboratory model experiments [7] and the results of traditional FEM. The traditional
FEM analysis is accomplished by ANSYS, and the established model in ANSYS has an equal number of elements to the
IGA model in Figure 7 for an objective comparison. The upward movements of the water seal head resulted by the
proposed method, ANSYS, and the laboratory model experiments are all plotted in Figure 8.
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(a) Results for Option A (b) Results for Option B
Figure 8. Free expansion results for two optional expansion water seals

As shown in Figure 8, the variation tendencies of the upward movements on the back pressure resulted by the
proposed method and ANSYS are consistent with the results of the model experiments. The gap between the
experiment results and the numerical simulation results becomes larger with the back pressure increasing. However,
the result of the proposed method are more close to the experiment results than that of ANSYS. The peak value of the
difference between the experiment results and the results of the proposed method is smaller than 0.50 mm, while the
peak value of the difference between the experiment results and the results of ANSYS exceeds 1.0 mm. Therefore, the
new method proposed in this study is effective in the numerical simulation of the expansion water seal and has a
higher precision than the traditional FEM.

When the two options are suffering the same back pressure, a little difference between their results appears,
indicating that the shape of the water seal head imposes no influence on the free expansion of the water seal head.
Upward movement of the water seal head increases with an increasing back pressure, which apparently presents a
nonlinear feature and can be described as the following four stages. In the first stage, the back pressure is less than
0.01 MPa and the upward movements are near zero. In the second stage, the back pressure rises from 0.02 MPa to
0.14 MPa and the upward movements appear to be increased dramatically. The upward movements at the end of the
second stage arrive at 65.60% and 65.36% of the total upward movements for Option A and Option B, respectively. In
the third stage, the back pressure rises from 0.15 MPa to 0.18 MPa and the slopes of the upward movement curves are
becoming smaller, which can be considered as a transition stage. In the fourth stage, the back pressure is greater than
0.18 MPa and the upward movements present a linear increase with a gentle slope.

Additionally, the upward movement where the third stage begins is always treated as a reference to determine the
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width of the gap between the pressing plate and the water stop panel. According to the upward movement curves, the
gap width is temporarily assumed to be 25 mm for both optional expansion water seals.

6.2 The leakproofness of the back cavity

After the assembly of the water seal system, the leakproofness of the back cavity is dominated by the contacts
between the two water seal wings and the pressing plates and the bed plate. If the contact stress is greater than the
back pressure, the back cavity is considered to have a satisfactory leakproofness. According to the engineering design
scheme, the reservoir water pressure acting on the expansion water seal is 0.2 MPa, which means that the steel gate
suffers the hydraulic head of 20 m. The working back pressure is 0.4 MPa. The width of gap between the pressing plate
and the water stop panel has been set as 25 mm. The deformations of two optional expansion water seals under the
above conditions are investigated by using the proposed method, and the results of deformations and stresses are
plotted in Figure 9.
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Figure 9. Results of deformations and stresses for two optional expansion water seals

Option A is investigated in the first place. Under the prescribed working conditions, the peak value of the principal
stress gy is 1.73 MPa, far less than LD-19 rubber’s break strength 7.64 MPa. Regarding the contact between the water
seal wings and the adjacent plates, the peak value of the stress is 2.03 MPa, and the average value is about 1.08 MPa,
which is far more than the working back pressure 0.40 MPa. Thus, the leakproofness of the back cavity is satisfied by
Option A.

Then, Option B is investigated. The peak value of the principal stress g; is 1.56 MPa in the water seal under the same
working conditions. The peak value of the contact stress is 2.01 MPa, and the mean value is about 1.09 MPa. In this
case, the expansion water seal will not be broken and the leakproofness of the back cavity is also satisfied.

In short, both Option A and Option B can satisfy the leakproofness of the back cavity. Moreover, there is a little
difference in stresses regarding to the contacts between their wings and the adjacent plates, which can be attributed
to the fact that the water seal wings of the two options are identical.
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6.3 The effectiveness to seal up the reservoir water

The stress in terms of the contact between the water seal head and the water stop panel is a critical quantity to assess
the effectiveness of the water seal to seal up the reservoir water. In general, the back pressure required for
successfully sealing up the reservoir water should be determined under an assumed gap width.

First of all, taking the back pressure and the reservoir water into account, the contact between the seal head and the
stop panel is investigated for a given gap width. To reveal the variation law of the contact stress and width, it is
assumed that the back pressure varies from 0.10 MPa to 0.60 MPa, and the water pressure varies from 0.05 MPa to
0.30 MPa. The deformation of the expansion water seal is simulated, and the stress and width of contact between the
seal head and the stop panel are recorded. Take Option A with a 10 mm gap width as an example, the mean value of
contact stress and the contact width vary as Figure 10 shows.
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Figure 10. The variation of the contact stress and width with the back pressure and the reservoir water pressure

Both the mean value of contact stress and the contact width rise with an increasing back pressure when the reservoir
water pressure is fixed. While, they both decrease with an increasing reservoir water pressure, when the back
pressure remains unchanged. In case that the water seal head contacts the water stop panel, the results comparison
verifies that the back pressure has a more significant effect on the contact stress and the contact width than the
reservoir water pressure.

Although the effect of the reservoir water pressure on the stress and width of contact is relatively small, the reservoir
water pressure is a key quantity in determining the threshold value required for the back pressure. If the reservoir
water pressure increases, a larger threshold value is required for the back pressure to seal up the reservoir water.
Once the water seal head contacts the stop panel, the contact stress will be greater than the reservoir water pressure
and be mainly dominated by the back pressure. Therefore, the threshold value required for the back pressure should
be determined based on the reservoir water pressure.

A general criterion that the contact between the water seal head and the water stop panel results in the contact stress
greater than the reservoir water pressure is used to determine the threshold value required for the back pressure.
Through numerical simulation, the threshold values required for the back pressure are acquired for different
combinations of gap width and reservoir water pressure, which are plotted in Figure 11.

Results show that the threshold values of the back pressure required for the two options are almost indistinguishable
under the same reservoir water pressure and gap width. Both the increase of the reservoir water pressure and the gap
width result in a rising threshold value of the required back pressure. However, when the gap width arrives at 30 mm,
the threshold value of the back pressure will be greater than the prescribed working back pressure 0.40 MPa. Under a
gap width of 25 mm, the threshold value of the back pressure are less than the prescribed working back pressure,
even if the reservoir water pressure increases to 0.30 MPa. Thus, it is reasonable to prescribe the gap width as 25 mm.
In conclusion, there is little difference between the two optional expansion water seals in their ability to seal up the
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Figure 11. Threshold values of the back pressure required for the two options

reservoir water, and both of them can work efficiently by using the prescribed gap width.

6.4 The offset of the water seal head

Due to the singularity of the reservoir water flowing, the offset of the water seal head is inevitable. In case of an
excessive offset, the deformation recovery of the water seal head maybe difficult at the time that the back pressure is
cancelled, and then the working life will be shortened. Therefore, the offset should be inspected for estimating the
deformation recovery capacity and the working life of the expansion water seal. In this study, the horizontal
displacement of the water seal head at the highest point of the upper curved boundary is taken as a reference value
for the offset.

The horizontal displacements at the reference point are recorded for the two options and plotted in Figure 12 in case
that the gap width takes the prescribed value 25 mm. To reveal the variation of the offset, the reservoir water pressure
is assumed to vary from 0.20 MPa to 0.30 MPa, and the back pressure varies from the corresponding threshold value
to the prescribed working back pressure 0.40 MPa. Increasing reservoir water pressure induces a larger horizontal
displacement, while the increase of the back pressure results in a smaller horizontal displacement. In case of the same
back pressure and the same reservoir water pressure, the horizontal displacement at the reference point of Option A
are about 1 mm less than that of Option B. Considering that the maximum value of the horizontal displacement in
Figure 12 is about 7 mm, the difference is considerable. Thus, a conclusion can be drawn that Option A is better than
Option B in terms of the deformation recovery capacity and working life.

6.5 The recommended option

Up to now, the back cavity leakproofness, the effectiveness on sealing up the reservoir water, and the seal head offset
have been comprehensively investigated for the two optional expansion water seals. Both options are capable to
satisfy the back cavity leakproofness and are effective in sealing up the reservoir water by using the prescribed gap
width and the prescribed working back pressure. The main difference between the two options is the offset of the seal
head. Under the same conditions, the seal head offset of Option A is smaller than Option B, indicating that Option A
may have a better deformation recovery capacity and a longer working life than Option B. Thus, Option A is
recommended for the hydraulic steel gate design finally.
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7. Conclusions

The work presented in this article aims at developing an effective and accurate method based on IGA analysis to
investigate the performance of the expansion water seal in the hydraulic steel gate. The proposed method has the
following advantages:

(1) The complex geometrical shape of the expansion water seal can be represented more exactly by using IGA analysis
than by the traditional FEM method.

(2) The estimation of the contact force is accomplished by solving the variational inequality in terms of the contact
conditions, which avoids the demerits of the existing approaches and simplifies the incremental equilibrium equations.

(3) The proposed method is effective in the numerical simulation of the expansion water seal and has a higher
precision than the traditional FEM under the same conditions.
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