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1. INTRODUCTION

In 1981 a four-year NSF funded cooperative research program on "Interaction Effects in the Seismic
Response of Arch Dams" was initiated ﬁnder the US-China Protocol for Scientific and Technical
Cooperation in Earthquake Studies. Under this research program, two arch dams ih China, Xiang
Hong Dian [1] and Quan Shui [2], were excited by rotating mass shakers to measure vibration
properties of the selected dams and the resulting hydrodynamic pressures induced in the reservoir.
The measured data were then compared with predicted values calculated by an enhanced version of
* the previous ADAP [3] program. The research program, thus, provided a unique opportunity to
verify, enhance and modify the Arch Dam Analysis Program (ADAP) that had been developed for the

US Bureau of Reclamation in 1973.

The original ADAP program, as developed for the CDC machines did not include hydrodynamic
effects of the reservoir water. In 1979, a separate subroutine (RSVOIR) [4] was developed using an
incompressible finite-element formulatioh to approximate hydrodynamic effects of the water‘ by an
equivalent added-mass matrix that would be added to the mass of the concrete in dynamic analysis.
However, no documentation was provided for the RSVOIR program. In :dddition, difficulties were
encountered in installing the ADAP program on computers other than CDC, partly associated with
minor coding bugs that had existed in the original distribution copy of ADAP. The results of these

circumstances was that the ADAP program did not gain wide use in practice.

Under the US-China cooperative research project, working versions of the ADAP and RSVOLIR
programs were assembled on the CDC-7600 of the Lawrence Berkeley Laboratory, to predict the test
results for the Xiang Hong Dian and Quan Shui dams analytically. Later, QUEST Structures
converted the programs for DEC-VAX/VMS mini-computers and provided several enhancement an<lj
modifications to the code. Subsequently, this latest version was used in the Monticello Dam Rese‘arch
Project [S]. The present version of the program is called EADAP for Enhanced Arch Dam Analysis

Program. INCRES, for INCompressible REServoir, is the name given to the new version of the



previous RSVOIR subroutine. These programs can also be installed on a UNIX environment with
minimal modifications. The following is a list of the major modifications and enhancements:
* Hydrodynamic effects are accounted for by calculating an equivalent added-mass matrix using
the INCRES program.

* EADAP accepts the added-mass matrix as an input to account for the inertial forces of the
reservoir water. ‘

* The mesh generator has been extended to automatically generate finite-element mesh for the
arch dams built in U-shaped valleys in addition to the V-shaped cases.

» Temperature loads due to both uniform and linearly varying temperature changes through the
dam thickness are now supported.

* The foundation rock model is now generated more realisticly near the crest of the dam.

* New mial load vectors have been developed for the eigen solution.

This report is intended as a user’s manual for the EADAP and INCRES programs. The most
important features of the program including the system idealization, element types, and the analysis
procedures are described. The input data and the output results are discussed, and a sample problem

is presented.



2. SYSTEM IDEALIZATION

2.1 General

Arch dams are treated' as three-dimensional systems consisting of a concrete arch supported by
flexible foundation rock and impounding a reservoir of water. Idealization of the system should
represent not only the concrete arch, but also a significant portion of the foundation rock and the
impounded reservoir of water (Figure 2.1). The reason for this is that the flexibility of the foundation

and the inertial forces of water significantly influence the stresses developed in the dam.

Using finite-element p;ocedures, each component of the dam-foundation-reservoir system is idealized
as an assemblage of finite elements of appropriate shapes and types. Different types of elements are
used to represent the conrete arch and the foundation rock, because the arch component is essentially
a thick shell, whereas the foundation rock is an arbitrary three-dimensional solid medium. Similarly,
the reservoir water is idealized using an appropriate type of element such as quadratic liquid

elements. -

The definition of the finite-clement mesh in the analysis of arch dams is a laborious task because it
involves dealing with arbitrary three-dimensional geometry. It r;:quires the specification of the
Cartesian coordinates of all element nodes, the numbering of the nodes and of the elements in a
logical sequence, and the prescription of material properties and the surface loads for each element.
For this reason, the EADAP program which has been developed specifically for arch dams, includes
automatic mesh generator capabilities for the concrete arch and the foundation rock; the reservoir

mesh is then derived from the concrete nodes located on the upstream face of the dam.

The automatic mesh generator of the present program can handle a general three-centered arch dam
of regular geometry. One and two-centered geometry and other types of dams with less complex
geomelry are treated as special cases. In particular, the mesh generator can produce a finite-element

mesh for a symmetrical half-system with the crown section being assumed as the plane of symmetry.



In that case, symmetric and anti-symmetric boundary conditions are introduced along the crown
section. Arch dams of irregular gecometry can be handled by the program, but the resulting mesh is
non-uniform and may include extremely small or large elements with very large aspect ratios. The
general concepts of the mesh generation for the dam and foundation rock are described below and a
procedure for handling the irregular geometries is presented. A complete description of the

generation procedures are given in Reference [3].

2.2 Concrete Arch Dam

The dam body is idealized as an assemblage of finite elements with the concrete nodes being arranged
along horizontal and vertical sections. These sections are identified first on the reference surface of
the dam which is a vertical cylindrical surface passing throﬁgh the upstream edge of the crest. The
coordinates of the concrete nodes are then obtained by radial projection from the reference surface.
The horizontal sections, which are called mesh elevations, are defined by the user, and‘ the vertical
sections are projected from the intersection of mesh elevations with the abutment on the reference
surface. The finite element mesh is automatically generated from a minimum amount of geometric

data which are specified at design elevations (Figure 2.2).

In general, mesh elevations are different from the desigh elevations; thus all geometrfc data at the
mesh elevations are computed by cubic interpolation from the corresponding data specified at the
design elevations. Figure 2.2 shows a typical horizontal sectibn for a three-centered arch dam. The
coordinate system is a right-handed set with z vertical (up), y horizontal and pointing downstream,
and x cross-stream; the origin is the intersection point of the reference surface with the crown

cantilever at the dam base.

The mesh generator provides for two types of finite element meshes differing with respect to the
element types used to idealize the dam body. In type one, the curved surfaces of the dam are modeled

by a combination of thick-shell and 16-node shell (3D-SHELL) elements; all element nodes are

<



located on the faces of the dam. The thick-shell elements whose sixteen noges are reduced to eight
mid-surface nodes are utilized in the interior region of the arch; the 16-node shell elements are used
in the regions near the abutments, whére they also provide a convenient connection -with the
foundation elements. Figure 2.3 is a developed view of the mesh layout for the two types of shell
clements on the reference surface. In the second type of mesh, the concrete arch is idealized by eight-
node three-dimensional solid elements where three elements are used through the dam thickness.
The mesh layout for 8-node elements is similar to the previous case, but without the mid-side nodes;

additional interior nodes within the dam are specified at one-third points along the straight line

connecting the two surface nodes.

The procedure described above applies only to arch dams built in V-shaped canyons. However, The
mesh generator of EADAP has been extended to include the locatioh of arch dams in U-shaped
canyons where a significant portion of the bottom surface of the dam might be flat (Figure 2.4). In
this case, the mesh la};out is extended below the base of the dam to form a V-shaped profile, so that
the same generation concept described earlier can be employed; concrete elements in this region

(shown with dashed lines) are fictitious and are not generated.

The present mesh generator is not appropriate for a dam that has irregular geometry or is located in a
very wide or narrow canyon, because it generates a non-uniform mesh with large aspect ratios for
some elements (Figure 2.5a). In these situations the finite element mesh may be improved by adding
or removing certain horizontal and/or vertical mesh lines from the mesh layout (Figure 2.5b). For
this purpose, if needed, additional horizontal or vertical mesh lines are provided as input data by
introducing a corresponding mesh elevation; then a finite element mesh based on the new data is
generated;, and finally the generated output file which contains nodal coordinates, boundary
bonditions, and the element connectivities is modified to manually remove the undesired data
associated with the extra mesh lines. The modified data is assembled according to the description

given in Chapter 7 (with no mesh generation option) for the subsequent analysis.



2.3 Foundation Rock

D

The effects of foundation-dam interaction are accounted for by including an appropriate portion of
the foundation rock as part of the finite-element idealization. The inertial and damping effects of the
foundation rock are ignored and only its flexibility is considered in the analysis using the EADAP.
Thus the only controlling parameters in specifying the finite-element-mesh for the foundation are the
mesh geometry, volume of rock, and the number of elements to be included in the mesh. In general,
the geometry of the rock supporting ihe concrete arch will be completely different for different dams
and cannot be represented by a single mesh generation algorithm. Therefore, the EADAP program
assumes a prismatic shape for the valley and uses special schemes to generate a simplified foundation
mesh (Figure 2.1¢). The program also provides an option to modify the generated coordinates of any
points in the system by means of additional input data. With this combined approach, the program

can be used to analyze a great variety of arch dam systems.

The volume of rock and the number of elements to be considered in the foundation mesh depend on
the site conditions, material properties of the rock and the mass concrete, and on the geometry of the
dam. For these reasons, the EADAP program permits development of finite-element rock models

with three degrées of refinement that can be adapted to different conditions.

The foundation mesh is constructed on semi-circular planes cut into the canyon walls in the direction
normal to the dam-foundation contact surface (Figures 2.1c and 2.6). Figure 2.6 shows the traces of
these normal planes as they intersect the dam profile. However, in the new EADAP program, the
locations of the two upper planes are rotated up so that the ground surface at the crest level is
represented more realistically; the top plane is rotated to a horizontal position and the slope of the
lower plane is divided by two. A brief description of each foundation rock mesh for the case where
thick shell elements are used in the dam is given first. ’I'hé minor differences in the foundation mesh

when eight-node solid elements are employed in the dam are discussed at the end.

re



Mesh 1: This is the coarsest foundation mesh; the nodal point arrangement on the inclined plane for
this mesh is shown in Figure 2.7. Nodes 1 and 2 correspond to the concrete nodes on the upstream
and downstream faces where the foundation and dam are connected. The radius of the semi-circle is
equal to one height of dam and its center is located at the mid-point of the segment connecting the
pair of interface nodes. Line 5-3-18-20 is oriented along the channel and represents the intersection
between the inclined plane and the surface of the prismatic valley. ' The nodes along the perimeter of
inclined planes are located at equal intervals and are fixed in space because the region beyond this
foundation mesh is assumed to be rigid. Eight-node solid elements are used to descretize the
foundation rock; eight of these elements are used in each portion of rock between the two adjacent

inclined planes.

Mesh 2: This mesh includes the same volume of rock as in Mesh 1, but the number of elements on
each inclined plane is increased by five. Thus the descretization is more refined and includes 13 eight-
node solid elements in the segment between each of the two adjacent inclined planes. The additional
elements are accommodated by introducing six more nodes (4,7,.,19) at equal intervals along the
perimeter of a smaller semi-circle. The center of this semi-circle is at Point O and its radius is

selected such that the distance 3-4 is one-third of 3-5 (Figure 2.8).

Mesh 3: In this mesh the foundation rock idealization is extended to a distance of about two dam
heights and includes 18 solid elements in each segment between two adjacent inclined-planes. Figure
2.9 is a typical layout of the mesh on the ‘inclined plane. Nodal points 1 to 20 are specified exactly as
in Mesh 2; the additional boundary nodes (21 to 26) are located on a semi-circle with a radius of

approximately two dam heights which satisfies the following relationship:

34 4-5

4-5 5-21



The above procedure of foundation mesh generation can also be applied with minor adjustmentﬁ to
dams descretized by three layers of eight-node solid elements. In that case, two additional nodes
corresponding to the interior concrete nodes are located along the segment 1-2 for each foundation
mesh type. These two added nodes generate two more foundation elements as indicated by dashed
lines in Figures 2.7 to 2.9. Thus each segment of the foundation for the dams with three layers of

solid elements includes 10, 15, and 20 elements for Meshes 1, 2, and 3, respectively.

2.4 Reservoir Water

The inertial effects of the water in the reservoir due to seismic loading are represented by equivalem
added-mass which is added to the mass of the concrete for the dynamic analysis. To calculate the
added-mass, the reservoir water is idealized by a finite-element mesh of incompressible liquid
elements extending to a finite distance from the upstream face of the dam (Figure 2.1a). Based on
previous studies of incdmpressible reservoirs [1,2], a reservoir length about three times the height of
the dam is recommended for most practical work, because the reservoir reach beyond this length has

practically no effect on the incompressible added-mass.

Any complicated geometry of the impounded water can be represented in the finite-element
idealization. However, specification of the nodal coordinates from the topographic map of the
reservoir bottom is a laborious and time- consuming task. An effective approach that is adequate for
most cases, is to assume that the reservoir is bounded by a cylindrical surface obtained by translating
the dam-canyon wall interface upstream. The reservoir elements are then arranged in successive
layers with the nodes on successive sections located to correspond with the dam-reservoir interface
nodes. The number of liquid layers in any case may be specified arbitrarily, but thinner layers should
be provided near the face of the dam where the hydrodynamic pressure gradient is the largest. The

coordinates of nodes on each vertical section are obtained from the concrete interface nodes by

projection in the upstream direction. Figure 2.10a shows an isometric view of a prismatic reservoir



consisting of three liquid layers, and Figure 2.10b demonstrates the node numbering scheme of the
finite-element mesh. Boundary nodes at the reservoir-rock interface and at the upstream end of the
finite-element model are assumed to be fixed; hydrodynamic pressures at the free top surface of the
Teservoir are set to-zero (i.e. surface wave action is neglected). Each liquid layer is descretized by
three-dimensijonal liquid elements, whereas the actual interface between water and dam is

represented by curvilinear two-dimensional liquid elements that will be discussed in the next chapter.

- When the reservoir is not filled to the crest of the dam, the nodes of the top layer of liquid elements
may not coincide with the corresponding concrete dam nodes. In that case, the accelerations that
control the hydrodynamic pressures at these liquid nodes must be established by special procedures.
In the INCRES program, the accelerations are calculated at integration points of the liquid elements

using the displacement interpolation functions defined for the concrete elements,
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20 H = DAM HEIGHT

Figure 2.7 Foundation Mesh Type 1 :
Sequence of Nodal Points
on Inclined Planes
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H = DAM HEIGHT
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Figure 2.8 Foundation Mesh e 2 :
Sequence of Nodal Points
on Inclined Planes
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(a) Isometric View of Prismatic Reservoir
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3. DESCRIPTION OF FINITE ELEMENTS

The EADAP program includes three different solid element types for idealizing the dam-foundation
system and two liquid element types for modeling the reservoir water. Each element type is briefly

discussed below and appropriate references are cited that provide further details.

3.1 Eight-Node Solid Element

A typical eight-node solid element defined with respect to a local curvilinear coordinate systemr, s, t
is shown in Figure 3.1. The node numbering indicated in this figure shows the order in which the '
actual node numbers must be input. The element is based on linear isoparametric interpolation and is
derived in Reference [6] using the standard description given in Reference [7]. However, the present
element employs additional incompatible deformation modes for improved efficiency. These
clements generally are used to represent the foundation rock, but they can also be used in the dam in

a mesh with three elements through the thickness.

Each nodal point includes three translational degrees of freedom which are defined with respect to
global X, Y, Z Cartesian coordinates. The element loading consists of temperature, surface pressure,
and inertia loads in three directions. Elastic orthotropic material properties can be specified for this
element with the axes of orthotropy coinciding with the global axes. Thus the element can be used to
represent a foundation with different mechanical properties in three global directions (vertical,

downstream, and cross canyon directions).

Stresses may be computed at two points in each element, at the center of the element and at the
center of an individual face. Stresses at the center of the element are calculated in the global X, Y, Z
coordinates, while stresses at the face point are given with‘ reference to a local axes (x, y, z)
individually defined for each face. Let nodal points I, J, K, and L be the four corners of the e;lement

face (Figure 3.1). Then x is specified by LK-1J, where LK and 1J are mid-points of sides L-K and I-J; z
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is normal to the element face and is directed outward from the element; y is normal to x and z, to

complete the right-handed system.

When the mesh generatdr is used to model the dam by eight-node solid elements, the stresses at the
free face of the elements of the upstream and downstream layers of the dam are defined such that the
x-axis passes through the mid-points of the lower and upper horizontal sides and is directed upward.
Thus the x-axis is nearly vertical and oy, oy, and Oxy Components at the face stress points represent
the cantilever, arch, and shear stresses, respectively. The stress axes at the face stress point of a six-
node solid elemént are Specified similarly, by considering that the lower horizontal side of the
element face has degenerated into a single point. Thus, for the six-node elements, the x-axis is not
nearly vertical and the gtress components oyy, Oyy, and Oxy cannot be interpreted as the cantilever,

arch, and shear stresses, respectively.

3.2 Three-Dimensional Thick Shell Element (3DSHEL)

The three-dimensional thick shell element is a 16-node isoparametric element developed in
Reference [8]. The element uses quadratic geometry and displacement interpolation functions in the
dam face directions, but only a linear interpolation in the thickness direction. In addition, it includes
incompatible deformation modes, which improve its bending behavior. The element is shown in
Figure 3.2 with respect to a set of local axes; the element nodes are located at the corners and at thé
mid-sides of each exterior face. The actual node numbers should follow the numbering order
indicated in this figure. Assuming that these elements are mapped into X, Y, Z space such that t is in
the negative Y direction, then, to an ébsewer located on the upstream of the dam, the nodes should
be numbered counter-clockwise. The element may be degenerated into a triangular form. In that
case only 12 nodes are required to define the element V(Figure 3.2b). Also any mid-side node can be

eliminated by introducing a linear kinematic constraint along that side. This provides a convenient
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means for connecting the 8-node elements of the foundation to the three-dimensional shell elements

of the dam.

The element loads consist of hydrostatic loads, inertia loads in three directions, and the températu_re
loads. The temperature distribution within the element is calculated from the nodal temperatures
using the same displacement interpolation functions described above. The material properties of a
3DSHEL element are restricted to elastic isotropy. Stresses are given at ten points located at the
inner and outer surfaces of the element; locations of these points are shown in Figure 3.3. At any
stress point, six stress components are calculated with respect to an orthogonal, right-handed local
coordinate system (X, y, z). The local axes are defined such that the x-axis is horizontal and tangent to
the face of the dam and the z-axis is normal to the face of the dam, while the y-axis is perpendicular to

the x and z-axes. Thus oy, Fyys and Oxy components at each stress point, represent the arch,

cantilever and the shear stresses, respectively. For the 12-node degenerated elements the same rules

apply, except that the lower horizontal edge of the element degenerates into a single point and the

stress points 7 and 8 do not exist. |

3.3 Thick Shell Element (THKSHEL)

The thick shell element is described in Reference [9] and is used to represent the central part of the
concrete arch. It is based on the same isoparametric interpolation functions described for the 3D
shell elements, but its 16 surface nodes are reduced to 8 mid-surface nodes, each having five degrees
of freedom; three translations and two rotations. A typical thick shell element is shown in Figure 3.4.
Nodes 1 to 8 located at the surface t=+1 (corresponding to the dam upstream face) are referred to as
the primary nodes and the corresponding nodes on the opposite surface are called the adjacent nodes.
Both the primary and adjacent nodes and their locations are actual input data that are provided by the
user to describe the element geometry. The same primary node numbers are then used to identify the

mid-surface nodes; their coordinates are calculated by averaging the coordinates of the primary and
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adjacent nodes on the two opposite surfaces. The boundary conditions and the concentrated loads for
each mid-surface node are actually specified for the primary nodes; the corresponding adjacent nodes
should be assumed to be fixed. Similarly, the calculated displacements associated with a primary node
actually indicate those of the corresponding mid-surface node. The primary nodes should always be
numbered first; the actual node numbering of the element should follow the order indicated in
Figure 3.4. Thick shell elements are mapped into X, Y, Z space such that local the axis t is in the
negative Y direction. Thus, to an observer located on the upstream of the dam, the nodes should be

numbered clockwise.

Connection of the thick shell element to any three-dimensional solid element is made possible by
transforming the shell element into a transition element. The solid element may be representing
either the foundation rock or an adjacent portion of the dam. A transitiop element has essentially the
same characteristics as the thick shell element, except that the five degrees-of-freedom of each mid-
surface node along the interface are transformed to the six degrees-of-freedom of the corresponding
nodes on the upstream and downstream faces. This transformation is based on the assumption that
displacements vary linearly through the element thickness. The transition element is compatible with
the eight-node solid elements of the foundation if the mid-side nodes of the transition element at the
interface are eliminated. Transition elements are automatically generated by the program based on

the boundary condition data provided by the user.

The element loads include hydrostatic loads, inertia in three directions, and the terhperature loads.
The texﬁperature distribution within the element follows the same interpolation functions that relate
the local and global coordinates; thus it is linear in the thickness direction and quadratic in the
surface directions. The stresses for the thick shell and transitibn clements are calculated at eight
Gauss Quadrature points located on the two opposite faces of the element (Figure 3.5).‘ At each
integration point, five stress componehts are calculated (the o, stress component is assuhcd to be

zero) with reference to a local X,y,z coordinate system which is defined identical to that described for
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the 3DSHEL elements. Thus, a total of 40 (8x5) stress components will be obtained for each thick

shell element.

3.4 Liquid Elements

Liquid elements used to represent the incompressible reservoir water are formulated as described in
Reference [4]. They result from the numerical solution of the pressure wave equation with the nodal
hydrodynamic pressures being the unknowns. Two types of elements are employed to represent the
dam-water interface and the body of impounded water. The dam-water interface (Mesh-1) is
descretized by 8-node curvilinear two-dimensional elements, whereas the impounded water (Mesh-2)
is represented by 16-node three-dimensional elements. Both elements are based on isoparametric
formulation and use quadratic interpolations in the surface directions; 3D liquid elements use linear
interpolation along the element length (channel direction). These elements are shown in Figure 3.6.
The nodal points are located at the corners and at the mid-sides of the element surfaces. Triangular
elements can be obtained by degenerating an element side into a single point. Any mid-side node may
also be eliminated by assuming a zero node number at the location. The liquid elements are mapped
into the global X-Y-Z space in such a way that the local t axis is pointing in.the negative Y direction.

Thus, to an observer looking downstream, nodes should be numbered counter-clockwise.
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4. OUTLINE OF STATIC ANALYSIS PROCEDURE

The EADAP program performs linear static analyses of any arbitrary arch dam-foundation system.
The dam-foundation system is idealized. as an assemblage of finite elements as described in the
previous chapters. The input data including the geometric and element data are specified using the
mesh generation capabilities of the program. However, for more complex geometries, several mesh
layouts may be combined manually, in order to obtain an appropriate mesh wﬁich is a realistic
representation of the dam-foundation system. Linearly elastic material properties are assumed for
both the concrete and the foundation rock. Shell elements in the concrete arch are assumed to be
isotropic, but orthoiropic properties may be specified for the eight-node solid elements representing
the foundation rock. Different material properties may be specified for each element. However, only

one property type is assigned to each individual element.

The static loads to be considered include concentrated forces or moments at the nodal points and the
consistent forces due to the distributed element loads. The element load types consist of the gravity,
hydrostatic pressures, silt pressures, and the temperature changes. These loads may be applied
separately or as an arbitrary combination together with an arbitrary set of’ concentrated loads. The

following is a brief description of the various static loads.

4.1 Gravity Load

Gravity loads due to the weight of the concrete may be applied with or without the effects of the
construction joints. When the construction joints are ignored, the arch dam is treated as a continuousy
shell and the weight is applied at one instant to the entire structure. However, in the actual arch dam
construction process, cantilever monoliths are free standing until the joints are grouted. Thus each
cantilever supports its own gravity load without any arch action. The analysis for this situation is
handled in two steps. In the first step the gravity loads are applied to alternate cantilevers by

assuming zero modulus of elasticity for the remaining cantilevers. The second step is performed



similarly, except that the alternate cantilevers are switched. The stress results from the two steps are

then superimposed.

4.2 Water Load ‘ s

Water loads are applied in thé fdrm of hydrostatic pressures acting on appropriate faces of the dam
and foundation elvements. When mesh generation is used, only the water level needs to be specified;
the elements subjected to the hydrosfatic pressures are automatically identified by the program,
However, in the manual input mode, the user must specify not only the water level, but also the

elements and the faces on which the hydrostatic pressures are acting.

4.3 Temperature Load

Various temperature changes including uniform, differential, and linear temperature changes may be
specified by the mesh génerator. Temperature changes may véry with elevation and in the direction of
dam thickness, but they are assumed to be constant across the arch sections. Temperature values at
each mesh elevation are obtained by cubic interpolation from the user specified values at the design
elevations. The nodal temperature values at all concrete nodes are then calculated based on the
uniform temperature assumption across the arch sections. No temperature change is considered for o
the foundation. The nodal temperature values generated according to the above rules may be over-
ridden by supplying the desired values as the input data. Thus, it is possible to consider temperature

changes across the arch sections by directly supplying them as the input nodal temperature values.

4.4 Silt Load

The pressure exerted by the saturated silt load on the face of a dam may be assumed to be equivalent
to that of a fluid with an appropriate weight per unit volume. Thus the static analyses due to silt loads

are carried out exactly the same as those of the water loads.
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4.5 Ice Load

Ice loads may be considered by treating them as equivalent concentrated loads af)plied at the

upstream face of the dam.

4.6 Results of Static Analysis

The results of static analysis include nodal point displacements and element stresses due to the
applied loads. The displacements of each thickshell node consist of five components, three
translations in the direction of global axes and two rotations about the local rotation axes. All other

element types have only three global translations per node.

For each element, stresses are calculated at several points referred to as stress points and are
presented with respect to a set of local axes, except at the center of eight-node solid elements where
the stresses are given in reference to the global axes. The stress points and stress axes for each
clement type were described earlier in Chapter 3. The element stresses are given on the upstream and
downstream faces of the dam and include the arch, cantilever, shear, and ‘the minor and major

principal stresses together with the angle defining the principal directions.
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5. OUTLINE OF DYNAMIC ANALYSIS PROCEDURE

Dynamic analysis involves solving the equations of motion assembled for the dam-foundation-
reservoir system, and includes the interaction effects of both the foundation rock and reservoir water.
The equations of motion of the system can be written as:

(M+My) U+ CU + KU =- (M+My)r U,
where,

M = Mass matrix of the concrete arch system

M, = Added-mass of the reservoir system

C = Viscous damping matrix

K = Stiffness matrix of the dam-foundation system
U = Nodal displacement vector

U = Nodal velocity vector

U = Nodal acceleration vector

g = Vector of earthquake accelerations

r = Influence coefficient matrix

Note that the foundation rock is assumed to be massless, and thus does not contribute to the mass
matrix. The solution is obtained usiﬁg the mode-superposition method of dynamic analysis [12]. In
this method, first the equations of motion are transformed to the uncoupled modal coordinate form
using the free vibration mode shapes of the system (including added reservoir mass). Then the
response for each uncoupled equation is computed and these modal responses are superimposed io
obtain the total response of the structure. Two types of mode-superposition method are provided in
the program: the response spectrum and the response history methods. In both methods three
translational components of the ground motion may be applied simultaneously in the analysis. In the
following sections, the -procedures used in evaluating the added-mass of the reservoir, the system

frequencies and mode shapes, the response spectrum, and the response history analysis are discussed.

-
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5.1 Added-Mass of Water

The added-mass of the incorﬁpressible water is obtained from the hydrodynamic pressures along the
face of the dam by solving the Helmholtz pressure wave equation. The solution is based on the finite-
element formulation which takes full account of the very significant effects resulting from the
geometry and flexibility of the dam as well as the natural topography of the reservoir. The finite-
element formulation for thé added-mass calculation is given in Reference [4]. A brief description of

the solution procedlires as applied in the INCRES program is presented here.

In this approach, the reservoir water is descretized by 2D and 3D liquid elements and is bounded on
the upstream by a vertical plane located at a distance from the dam of about three times the dam
height. The hydrodyna;nic pressures at the element nodal points are the unknowns: one degree of
freedom for each node below the water free surface. The bottom and side walls of the incompressible
reservoir and the vertical plane at the upstream end are assumed to be rigid. The hydrodynamic
pressures at nodal points on the reservoir free surface are set to‘ zero, and thus the effects of surface
waves are neglected. Furthermore, the pressures along the dam-reservoir interface are related to the

total nodal accelerations in the direction normal to the dam face.

The finite-element déscretization of the wave equation with the above boundary conditions leads to a
symmetric system of equations with tﬁe nodal pressures as unknowns. The hydrod&rnamic pressures
acting on the face of the dam are detérmined by solving the resulting system of equations for the dam-
reservoir interface degrees of freedoin only; all nodal pressures within the body of the reservoir are
elimina;fed by static condensation. In the INCRES program, the- dégrees of freedom corresponding to
the interface nodal }Soints are numbered last to facilitate the reduction process. The calculated
hydrodynamic pressures on the face of the dam are then converted into equivalent nodal forces using
a coﬁsistent lumping process. Since the hydrodynamic forces, like the pressures, are proportiorial to
the accelerations at nodal degrees of freedom on the face of the dam, this conversion leads to the

added-mass coefficient matrix. The added-mass coefficient matrix is then rearranged with respect to
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the degrees of freedom of the concrete nodes on the upstream dam face and is stored on a disk file for
later use by the EADAP program. The rearranged added-mass matrix in the binary form is supplied
as additional input data, so that its contribution to the mass of the concrete can be accounted for in

the eigenproblem or the earthquake response ahalyses.

5.2 Mode Shapes and Frequencies

The first step in the mode-superposition method of dynamic analysis is evaluation of a limited
number of the lbwer natural frequencies and mode shapes of undamped free vibration of the system.
The mode shapes and frequencies give great insight into the dynamic responsé behavior of the
structure, and are used to uncouple and reduce the number of equilibrium equations of the system.
The ‘free vibration problem is solved using the subspace iteration technique [13] which is especially
effective for large structural systems such as arch dams. It should be noted that the EADAP
subroutines related to this algorithm have been modified to handle the non-diagonal mass matrices of
the concréte and the reservoir water. The eigenvalue pfoblem is solved for the dam-foundation-
reservoir system considering only the flexibility (no mass) of the foundation and including the added-
mass of the reservoir water. Other conditions such as an empty reservoir and a rigid foundation may

be analyzed as special cases.

The results of the free vibration analysis include a limited number of the lower frequencies and mode
shapes of the system. The desired number of modes should be specified by the user and depends both
on the properties of the structural system and the frequency content of the earthquake grouﬁd
motion. In the program output, the frequencies are tabulated and the mode shapes are printed in the
form of nodal displacements. " In addition, the calculated mode shapes and frequencies in binary forms

s

are stored on restart files for use in the subsequent response spectrum or response history analyses.
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5.3 Response Spectrum Analysis

The earthquake response spectrum provides an approximate mode-superposition method for
calculating the maximum response of structures. The maximum response in ea;h natural mode of
vibration is first computed based on the spectral acceleration of the specified earthquake motion,
corresponding to the vibration period and the damping ratio of the mode. The modal maxima
computed for each mode and for each component of the earthquake motion, are then combined by
the square-root-of-the-sum-of-the-squares (SRSS) method to obtain the total response of the
structure. For a linear-elastic response, only a few modes are needed 1o express the essential dynamic

behavior.

The previously calculated vibration mode shapes and frequencies, the added-mass of the reservoir
water, and the spectral acceleration values of the specified earthquake motion are the input to the
program. The results of the response spectrum analysis are the estimated maximum nodal
displacements and the element stresses of the dam structure. These results are printed out in the

same way as was described for the static analysis .

5.4 Respbnse History Analysis

In the response history analysis, the uncoupled equations of motion expressed in modal coordinates,
are solved by the linear acceleration step-by-step integration method [13]. The resulting modal
displacements and stresses at each time step are then superimposed to obtain the total response
history of the structure. The same integration time step and the same modal damping ratio are
specified for all modes. However, the integration time step should be selected small enough to obtain
accuracy in fhe integration of all modal responses which significantly contribute to the total structural
response. In general, a time step at least 5 to 10 times less than the lowest period in the system, will

provide good accuracy for all modes that are considered in the analysis. To assure stability and
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accuracy of the solution, the program EADAP automatically filters the high mode response, for which

the period of vibration is less than 5 times the integration step.

The free vibration mode shapes and frequencies and the added-mass of the reservoir are read from
the restart files as input to the program. The seismic input includes the acceleration time histories
that are assumed to be applied at the foundation rock boundary points. Any single component of a
selected accelerogram or all three accelerogram components may be specified by the user as input.
The results of the analysis include the displacement and stress histories of the nodes and elements
prescribed by the user as part of the input data; response histories may be requested for all or selected
nodes and stress components. The output also includes the maximum and minimum displacements
and stress components developed at any time during the earthquake (the so-called envelope values)
and the times at which they occur. In addition, the maximum and minimum modal values of the
displacements and stress components of those modes included in the analysis are also provided. This
provides information regarding the relative influence of each mode of vibration on the various stress

and displacement components.

-
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6. EXAMPLE STATIC AND DYNAMIC ANALYSEé
OF MONTICELLO DAM
~ This section presents results of static and dynamic analyses of Monticello Dam which was selected as
an example structure to demonstrate the use of the EADAP and INCRES programs. Input data files
for each analysis are provided in the floppy diskette containing the source programs. The finite-
element models of the Monticello dam-foundation-reservoir system, static loads, material propertigs,

and the seismic input are described, and selected response results are presented.

A graphics pre- and post-processing package described in an appendix was used extensively, to
prepare all the 3D and 2D figures presented in this report, and to display the results of the example

analyses.

6.1 Finite Element Models

Monticelle Dam is a 304 ft high concrete arch which was designed by the U.S. Bureau of Reclamation
and was completed in 1957 [14]. It has a crest length of 1,025 ft, a crest thickness of 12 ft, and a
maximum thickness of 86 ft at the base of the dam. The dam is located on Putah Creek about 30

miles west of Sacramento, California

The finite element models of the dam and foundation rock were automatically generated by the mesh
generator of EADAP, and the reservoir model was constructed based on the procedures described
above. A perspective view of the finite element models is shown in Figuré 2.1, and the mesh layout of
the arch structure on the developed reference surface is depicted in Figure 2.3. The concrete arch
model includes 8 mesh elevations and consists of 26 3D-shell and 30 thick-shell elements (Figure 6.1);
node numbers on the upstream face of the dam are given in Figure 6.2 for reference purposes. The
foundation rock which was idealized by the mesh type-1, includes 112 eight-node solid elements. The

prismatic finite-element mesh of the reservoir in section view along the channel is shown in Figure

-
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6.3. It consists of three liquid layers including 168 three-dimensional and 56 two-dimensional liquid

elements, and extends upstream to a distance equal to three times the dam height (873 ft).

6.2 Material Properties

The following material properties are assumed for the static and dynamic analyses:

Material Property Static |- Dynamic
Concrete Unit Weight (pcf) 150 150
Concrete Modulus of Elasticity  (psi) 3x10° ax10°
Concrete Poisson’s Ratio 0.2 0.2
Rock Modulus of Elasticity (psi) 3x10° ax109
Rock Poisson’s Ratio 0.2 0.2
Water Unit Weight (peh) 62.4 62.4
6.3 Static Analysis

Static analysis was perférmed for the separate and the combined action of the gravity and water loads.
The water surface was assumed at elevation 420 ft and the gravity loads were applied to the gfouted
dam. The input data file for this analysis is STATIC.IN which includes three load cases, gravity
alone, hydrostatic alone , and the gravity and hydrostatic loads combined. The results of the analysis
for the combined loading case are given in Figures 6.4 and 6.5. These are the arch and cantilever
stress contours plotted on the upstream and downstream faces of the dam.‘ Stresses are given in units

of psi with positive and negative values representing tension and compression, respectively.
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6.4 Reservoir Added-mass

~

In dynamic analysis with full reservoir, the added-mass >of the reservoir water was calculated
separately by the program INCRES. The input data file (INCRES.IN) for the finite-element
reservoir model was constructed according to the descriptions given in Chapters 2 and 8. The
resulting added-mass matrix in binary form is stored in TAPE12.DAT for use in the frequency and
dynamic response analyses. It should be noted that the added-mass data in TAPE12.DAT is defined
with respect to the degrees of freedom of the nodes on the upstream face of the dam, and thus it can

. be directly used as il{put to the EADAP program in the subsequent analyses.

6.5 Vibration Frequencies and Mode Shapes

The free vibration analysis of Monticello Dam was carried out for the empty and full reservoirs. In
both analyses, EIGEN.IN was the standard input data; for the full reservoir case, the added-mass
matrix (TAPE12.DAT) was supplied as additional input. Seven frequencies and mode shapes were
calculated. The natural frequencies are given in the table below, and the mode shapes for the full

reservoir case are plotted along arch sections in Figure 6.6.

Natural Frequencies of Dam-Foundation System
With Empty and Full Reservoirs (Hz)

Mode Empty Full
No. Reservoir Reservoir

1 3.70 3.22

2 4.02 3.63

3 5.13 475

4 6.20 5.86

5 7.51 6.88

6 8.14 7.19

7 8.94 852
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In the vibration analysis, in addition to the standard output file, the mode shapes and frequencies and

the structural properties are saved in binary output files that are used as input in the earthquake

response analysis. This information is as follows:

File Name Description

TAPEI.DAT Stress Matrices of Elements
TAPES.DAT Nodal Point Data
TAPE9.DAT Structure Mass Matrix
TAPEIO.DAT Mode Shapes and Frequencies

6.6 Seismic Input

The ground motion recorded at Morgan Hill, California, in April 1984 |15] was selected as the ground

acceleration applied for this example analysis. The ground acceleration time histories for the

upstream, cross-stream, and the vertical directions are shown in Figure 6.9. The maximum peak

ground acceleration for the upstream component is 0.34 g. The response spectra calculated from

these input motions are supplied as input data for the response spectrum analysis. It should be noted

that the earthquake motion and the materidl properties have been selected arbitrarily, and thus the

results of the earthquake analysis presented here should not be used for evaluation of the safety of

Monticello Dam.

6.7 Response Spectrum Analysis

RSPEC.IN is the standard input data provided for the response spectrum analysis of Monticello

Dam. It contains response spectra for three components of the earthquake motion that are applied

simultaneously. The structural data and mode shapes are read from the restart files generated in the
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free vibration analysis; the added-mass of the reservoir stored on TAPE12.DAT is also provided as

input. A damping ratio of 5% is assumed for all modes.

The results of the analysis include nodal displaccmeni»s for each mode of vibration, the SRSS nodal
displacements, and the SRSS stresses for all elements. The SRSS stress results are given with respect
to the element local coordinate system, and thus represent the arch, cantilever, and shear stresses.
The arch and cantilever stress contours plotted on the upstream and downstream faces of the dam are

shown in Figures 6.7 and 6.8.

6.8 Response History Analysis

The standard input data for the response history analysis is provided in TIMHIST.IN file. This file
includes acceleration records for the three components of the Morgan Hill earthquake motion
(Figure 6.9). Similar to the response spectrum analysis, a modal damping ratio of 5% is assumed and
the three (;,omponems of the earthquake motion are applied simultaneously. The same restart files
_ consisting of the structural data, mode shape and frequencies, and the added-mass of the reservoir are

supplied as additional input.

A complete response history analysis of Monticello Dam was performed using the EADAP program.
Displacement response histories for an upstream crown node at the crest (Node 323) are shown in
Figure 6.10. The maximum arch and cantilever stresses occurred on the upstream faces of thick-shell
elements 11 and 14, respectively. Time histories of the arch and cantilever stresses at these locations
and at the corresponding opposite points on the downstream face are presented in Figures 6.11 and
6.12. In addition, the envelope of maximum arch and cantilever stresses due to the earthquake loads
alone are presented in Figures 6.13 and 6.14, respectively. These are the maximum stresses that in
géneral would occur at different time steps; they may be directly compared with the results of the

response spectrum analysis.
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7. DESCRIPTION OF INPUT DATA
FOR EADAP PROGRAM
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EADAP INPUT DATA

The input data for the computer program EADAP are prepared according to the format described in
this section. Each card contains one or several fields identified by column numbers and one of three
data-types: (1), integer; (F), floating point; or (A), character string.

A. TITLE CARD

1-72 (A) TITLE Information to be printed as the output header.

B. MASTER CONTROL CARDS

One or both of the following cards will be required depending on the type of input data.

Card Set B.1 - Model Definition and Analysis Type

This card is always required.

1-4(1) NUMNP Total number of nodal points. Enter zero if Mesh Generator (MG)
is used (See Note-a below).

5-10(1) | MTOT | Size of the available blank COMMON block (Note-b).

11-15 () - NELTYP Number of different element types to be used (Note-c).

16-20 (1) LL Number of static load cases. Enter zero in dynamic analysis.

21-25 (L) NF Number of frequencies to be calculated in vibration analysis. It is

also number of modes to be considered in response history or
response spectrum analysis in which previously calculated mode
shapes are read from restart tape.

26-30 (1) NDYN Analysis code:
' = 0, static analysis; = 1, vibration analysis to calculate frequency
and mode shapes, = 2, response history analysis; = 3, response
spectrum analysis.

31-33 (D) NLM Number of mesh elevations. Enter zero if MG is not used.

33-35(D) NLU Mesh elevation number associated with the bottom elevation of a
' U-shaped valley (see Figure 2.4 ). Enter zero for V-shaped valley.

36-40 () NEQEST  Estimated number of degrees of freedom. Enter zero if no estimate
is available. The execution halts if the estimated and computed
dof’s do not match (Note-d).

41-45 (I) IMODE Restart option for dynamic analysis:
= 1, Element stress matrices, nodal point data, structural mass, and
frequencies and mode shapes are stored or read from restart files; =
0, otherwise

i
Preceding Page Blank }

/

J
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46-50 (I) IPRM Option for mode shape print-out in dynamic analysis:
= 0, mode shapes are printed; = 1, no mode-shape print-out.

51-60 (F) ESTYOL Estimated total volume of all elements with 10E-4 accuracy. Enter
zero if no estimate of element volumes is available. The execution
halts if estimated and computed volumes do not match within the
above accuracy (Note-€).

61-62 (I) MESH Dam mesh type when mesh generator is used:
= 1, dam is modeled by combination of 3D-shell and thick-shell
elements ( one element through the dam thickness); = 3, dam is
modeled by 8-node solid elements, three elements through the dam
thickness.

Enter zero if mesh generator is not used.

63-64 (1) MESHFN Foundation mesh type when MG is used:
: - = 0, no foundation (rigid); = 1 foundation mesh type 1, = 2,
foundauon mesh fype 2; = 3, foundation mesh fype 3.
Enter zero when MG is not used.

65-66 (I) TIADMAS Code for added-mass in dynamic analysis:
= 0, static analysis, or dynamic analysis with empty reservoir; = 2,
dynamic analysis with finite-element added-mass. The added-mass
previously calculated by the program INCRES is read from

TAPEI12.DAT file.
67-73 (F) WATL Z-coordinate of the water level.
74-80 (F) WDEN Water weight density. -~

Card Set B.2 - Dvnamic Analysis with Restart Option

This card set is required for dynamic response calculation for which mode-shapes, frequencies, and
structural data are read from the restart files. The following parameters are retrieved from the
output of the free vibration analysis that generated the restart files.

1-5(D) MBAND 1/2 bandwidth of the system of equilibrium equations.
5-10 (D) NUMEL Total number of elements (dam plus foundation).
11-15 (I) NEQ Number of equations or degrees of freedom.

16-20 () | N3DDAM Number of 3-D solid elements in dam.

21-25 (D). N3DFN Number of 3-D solid elements in foundation.

26-30 () NSHEL2 Number of 3-D shell elements.

31-35(D) NSHEL3 Number of Thick-shell elements.
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Notes:

a) When mesh generator is used, NUMNP is automatically calculated by the program and
consists of the nodal points for the dam with foundation mesh type-3. Otherwise the exact
number of nodal points should be provided by the user. For thick-shell and transition
elements all 16 surface nodes are considered.

b) MTOT controls the number of blocks and number of equations in each block for the out-of-
core solution. Smaller MTOT values result in larger number of blocks with smaller number
of equations per block. Depending on available hardware resources, it could be set to any
number in the range of 10,000-200,000.

¢) Maximum of three element types can be specified.

8-Node solid : element type-1
3D-Shell : element type-2
Thickshell : element type-3

d) NEQEST may be used for checking the generated data. If set to a non-zero value other than
the actual number of dof’s, structural data including the nodal coordinates, ID array, and
the element data are generated and then the execution stops.

¢) ESTVOL may be used for further examination of the generated clement data to identify any
excessive element distortions. If set to a non-zero value other than the actual total volume
of all elements, stiffness and mass matrix for each element are calculated, the element data
such as the volumes and connectivity data are printed out, and the execution stops without
the structural response being calculated.
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C. MESH GENERATION INPUT DESCRIPTION

Skip this section if mesh generation is not used or this run is a dynamic response calculation for which
mode-shapes, frequencies, and structural data are read from the restart files.

Card Set C.1 - Reference Surface Data

1-10 (F)
11-20 (F)
21-30 (F)
31-35 (1)

36-40 (1)
41-45 (I)
45-50 (1)
51-55 (1)

56-60 (1)

61-65 (I)

RI
RO(1)
RO(2)
NL

1IEL
IRL
HHE
NRL

IPLOT

ISYM

Radius of the inner portion of the reference surface (Figure 2.2).
Radius of the right outer-portion of the reference surface.
Radius of the left outer-portion of the refefence surface.
Number of design elevations.

= 1 Same compounding angles are specified at all elevations; = 0
Compounding angles differ for each elevation.

= 1 Same compounding angles are specified for the right and left
portions of the dam; = 0 Otherwise.

=1 Same compounding angles are specified for the intrados and
extrados faces of the dam; = 0 Otherwise.

= 1 Same radius is specified for the right and left portions of the
intrados and extrados arcs; = 0 Otherwise.

Not used; leave blank
= 0 Non-symmetric dam; = 1 Symmetric dam with symmetric

B.C’s along the crown section; =-1 Symmetric dam with anti-
symmetric B.C’s along the crown section.

Card Set C.2 - CompbundigAmles and Angles to Abutments

One card is required for each design elevation. The sequence of cards corresponds to increasing

order of elevations. For the definition of the angles refer to Figure 2.2.

1-10 (F)
11-20 (F)
21-30 (F)
31-40 (F)
41-50 (F)
51-60 (F)

61-70 (F)

EL(T)
FCI(1,1)
FCI(1,2)
FCE(1,1)
FCE(L,2)
FA(I1)

FA(L2)

Elevation i

Compounding angle of the right-intrados arc at elevation i.
Compounding angle of the left-intrados arc at elevation i.
Compounding angle of the right-extrados arc at elevation i.
Compounding angle of the left-extrados arc at elevation i.
Angle to the right abutment at elevation i.

Angle to the left abutment at elevation i.
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Notes:
1. IfIEL = 1 (Card Set C.1), only compounding angles for the first elevation are required.
2. If IRL = 1 (Card Set C.1), only compounding angles for the right arcs are required.

3. IfIIE = 1 (Card Set C.1), only compounding angles of the intrados are reQuired.

Card Set C.3 - Temperature Data

Two sets of data cards are required to specify the temperature data at the design elevations. The first
set corresponds to the upstream face. Eight values are given on each card and as many cards as
required should be supplied. Temperature values are specified in the sequence of increasing
elevations. The second set of cards corresponds to the downstream face. Starting on columns 1-10 of
the first card of the second set, temperature values are specified in exactly the same way as described
above. )

Blank cards should be provided, when temperature variation is not considered in the analysis.

Card Set C.4 - Mesh Elevations

Mesh elevations are specified in increasing sequence; eight values are given on each card and as many
cards as required should be supplied. A maximum of 20 mesh elevations may be specified.

Card Set C.5 - Intrados and Extrados Arcs

One card is required for each design elevation to specify the radius and Y-coordinate of the center of
each arc. The sequence is according to the increasing order of the elevations.

1-10(F) YII Y-coordinate of center of intrados inner-arc (Figure 2.2).

11-20 (F) YEI Y-coordinate of center of extrados inner-arc.

21-30 (F) RII Radius of intrados inner-arc.

31-40 (F) REI Radius of extrados inner-arc.

41-50 (F) RIO(1) Radius of intrados right-outer-arc.

51-60 (F) REO(1) Radius of extrados right-outer-arc.

61-70 (F) RIO(2) Radius of intrados left-outer-arc.

71-80 (F) REC(2) Radius of extrados left-outer-arc. : /
Notes:

If NRL = 1 (Card Set C.1), radii of the left-outer-arc for intrados and extrados may be omitted.
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Card Set C.6 - X-Coordinate of Center of Inner-Arcs

Two sets of cards are required to specify the X-coordinate of the center of inner-arcs at the design
elevations.

The first set corresponds to the intrados inner-arc. Eight values are given on each card and as many
cards as required should be supplied. Coordinate values are specified in the sequence of increasing
elevations.

The second set of cards specifies the X-coordinates of the center of the extrados inner-arc. Same

procedures mentioned above apply to this set.

Card Set C.7 - Material Property of Elements

The following set of cards specifies the material property identification numbers for each element

type.

Card Set C.7.1 - Eight-node Solid Elements of Dam

For mesh type-1 (MESH=1, Card Set B.1), no card is required.

For mesh fype-3 (MESH=3), when all eight-node solid elements of dam have the same material
properties (i.e. homogeneous concrete), a blank card should be supplied. In this case material type
number-1 will be assigned to all eight-node solid elements of dam.

For mesh #ype-3, when eight-node solid elements of dam have different material properties, one card
should be assigned to each group of elements having the same material properties according to the
following format:

1-5(I) NLL Element number.
6-10 (I) MATT Material identification number.
Note:

The sequence of cards should correspond with increasing order of the element numbers. If a
group of successive elements have the same material numbers, only a material card for the first
element in the group is needed. The sequence of cards should be terminated by a blank card,
unless the material number for the last element is supplied.

Card Set C.7.2 - Eight-node Solid Elements of Foundation

For the case with rigid foundation (MESHFN=0), no card is needed.

For MESHFN > 0 and both concrete arch dam and foundation rock are assumed to be homogeneous
a blank card should be supplied. In this case material number 1 (if MESH = 1) or 2 (if MESH = 3) is
assigned to eight-node brick elements of the foundation.
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For MESHFN > 0 and either concrete arch dam or foundation rock is not homogeneous, a set of
cards should be supplied to specify the material numbers of different foundation elements. These
cards follow the same format described above (Card Set C.7.1).

Card Set C.7.3 - 3D Shell Elements

For the MESH not equal to 1, no card is required.

For MESH = 1 and all 3D shell elements having the same material properties, a blank card is
supplied; and the material number 1 is assumed for all 3D shell elements.

For MESH = 1 and 3D shell elements having different material properties, one card is supplied for

each group of elements having identical material properties. These data are prepared according to
the format described above (Card Set C.7.1).

Card Set C.7.4 - Thick Shell Elements

Follow the procedure presented for the 3D shell elements.
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D. DESCRIPTION OF MANUAL INPUT OF NODAL DATA

Skip this section if mesh generation is used. Otherwise, one card per node is required unless some
nodes are to be generated.

Card Set D.1 - Nodal Coordinates and Temperature Values

1-5(I) NODE Node number

6-15 (F) COORD(NODE,1) X-coordinate
16-25 (F) - COORD(NODE,2) Y-coordinate
26-35 (F) COORD(NODE,3) Z-coordinate
36-45 (f) COORD(NODE4) Temperature value

These cards are supplied in increasing node number sequence. However, if a group of cards is
omitted, the coordinates of the corresponding nodes are generated at equal intervals on a straight line
connecting two nodes for which coordinates have been supplied.

Card Set D.2 - Boundary Conditions and Adjacent Node Data

One card per node is supplied, unless for some nodes the adjacent nodes and boundary conditions are
to be generated.

1-5(D) NODE Node number
6-10 (1) NADJ Adjacent node number
11-15 (D ID(NODE,1) X-translation fixity code
16-20 (I) ID(NODE,2) Y-translation fixity code
21-25 (D) ID(NODE,3) Z-translation fixity code
26-30 (D) ID(NODE,4) X-rotation fixity code
31-35 (D) ID(NODE,5) Z-rotation fixity code

= 0; free

= 1; fixed

If NADJ = 0, columns 26-35 may be left blank. These cards are supplied in increasing node number
sequence. However, if a group of cards is omitted between a pair of non-consecutive nodes, the
missing information is generated by the program as follows:

1. The fixity conditions will be the same as those on the first card of the pair.

2. The adjacent node numbers will be generated by linear interpolation between adjacent node
numbers on the given pair of cards.
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E. MODIFICATION OF NODAL POINT DATA

The previously generated nodal coordinates, temperature values, and the fixity data may be modified
by supplying the following information.

Card Set E.1 - Control Data

1-5() MODC Number of nodes for which coordinates are to be modified.

6-10 (I) MODB Number of nodes for which fixity and adjacent node numbers are to
be modified.

11-15 (D) MODT Number of nodes for which temperature values are to be modified.
16-20 (I) IPPR Code for print-out of nodal data:
= 0 nodal coordinates, fixity, and temperature values are printed;

=1 no print-out.

Supply one blank card when no modification is required.

Card Set E.2 - Coordinate Modification

A total of MODC cards is required. These data override previously generated or read in nodal
coordinates. Each card corresponds to one nodal point. Arbitrary sequence may be used.

1-5() - NODE Node number
6-15 (F) COORD(NODE,1) X-coordinate
16-25 (F) COORD(NODE,2) Y-coordinate
26-30 (F) COORD(NODE,3) Z-cdordinate

Card Set E.3 Temperature Modification

A total of MODT cards is required. These data override previously generated or read in temperature
values. Each card corresponds to one nodal point. Arbitrary sequence may be used.

1-5 (D) NODE Node number

6-15 () COORD(NODE) Temperature value
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Card Set E.4 - Modification of Fixity and Adjacent Nodes

A total of MODB cards are used to override previously generated fixity conditions and adjacent node
data. One card is needed for each node; arbitrary node sequence may be used.

1-5(D) NODE Node number
6-10 (I) NADJ Adjacent node number
11-15 (D) ID(NODE,1) X-translation fixity code
16-20 (I) ID(NODE,2) Y-translation fixity code
21-25 (1) ID(NODE,3) Z-translation fixity code
26-30 () ID(NODE4) Local x-rotation fixity code
3135 (D) ID(NODE,S) Local z-rotation fixity code
=0; free
= 1; fixed

If NADJ < 0, columns 26-35 may be left blank.
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F. THICKNESS CHANGE

The program can handle a condition where thick-shell elements of different thicknesses are
connected as shown below. In that case the total nodes in the structure includes all surface nodes of
thick-shell elements. The mid-surface nodes of each pair of elements along théuthickness change are
assumed to coincide at points marked by x in the figure. In the input data, fixity condition and
concentrated loads associated with primary nodes of one of the elements, say i, j, and k, will refer to
those of the mid-surface. The primary nodes of the other element, I, m, and n, will be fixed.

One card is required for each mid-surface node along the thickness change. Fixed and free nodal
points are selected such that J > I. This set of cards must be terminated by a blank card.
1-5(D I Corresponding fixed primary node

- 6-10(D) J Corresponding free primary node

Connection of Thick-shell Elements Along Thickness Discontinuity
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G. 8-NODE SOLID ELEMENTS
This section is not required in a dynamic analysis with restart option. Otherwise, the following cards

are needed when 8-node solid elements are used in the finite-element model.

Card Set G.1 - Control Data

1-5(D MTYPE Element type number: Enter 1 for 8-node solid elements
6-10 (I) NBRKS | 'I;otal number of elements. Leave blank if MG is used.
11-15(D NMAT Number of different material types.

16-20 (I) NLD Number of different surface loads. Leave blank if MG is used.

Card Set G.2 - Modulus of Elasticity and Poisson’s Ratio

1-5(I) N Material identification number

6-10 (I) ISOT = 0 isotropic material; = 1 orthotropic material
11-20 (F) EE(1) Modulus of elasticity Eyy

21-30 (F) EE(2) Modulus of elasticity Eyy

31-40 (F) EE(3) Modulus of elasticity E,,
41-50 (F) EE(4) Poisson’s ratio Vxy

51-60 (F) EE(5) Poisson’s 1atio vy,

61-70 (F) EE(6) Poisson’s ration vy -

Card Set G.3 - Shear Modulus and Thermal Coefficients

1-10 (F) " EE(7) Shear modulus Gy,

11-20 (F) EE(8) Shear modulus Gy,
21-30 (F) EE(9) Shear modulus Gy
31-40 (F) EE(10) Coefficient of thermal expansion ay
41-50 (F) EE(11) Coefficient of thermal expansion ay*
51-60 (F) EE(12) - Coefficient of thermal expansion az*
61-70 (F) EE(13) Weight density of the material

*
Leave blank for isotropic material.
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Card Set G.4 - Surface Loads

This card is not needed if mesh generation is used.

1-5() N Surface load identification number

6-10 (I) KTYPE Surface pressure type: = 1 uniform pressure; = 2 hydrostatic
pressure. ‘

11-20 (F) PR Pressure value if KTYPE = 1, Weight density of water if KTYPE =
2.

21-30 (F) ZREF Z-coordinate of the water level. Leave blank for KTYPE = 1.

3135 (D) NFACE Element face number upon which pressure acts (Figure 3.1).

Card Set G.5 - Reference Temperature and Gravity Acc.

1-10 (F) REFT Stress free temperature

11-20 (F) GRAY Gravitational acceleration

Card Set G.6- Element Data

No card is needed if mesh generation is used. Eight-node solid elements are numbered from one to
NBRKS8. One card is required for each element except for those that are to be generated.

1-5(D) NEL Element number

6-10 (I) NP(1) Node - 1

41-45 (I') NP(8) Node - 8

46-50 (I) NINT Integration order: = 2 for regular shapes; = 3 for irregular shapes.
51-55(I) MAT Material number

56-60 (1) INC Generation parameter

61-65 () MLD Surface pressure number (zero means no surface pressure)

66-70 (1) ISP(1) Stress point number 1: If set to zero, stresses at the center of the

element are calculated.

71-75 (D) ISP(2) Stress point number 2: Set to a prescribed element face number to
calculate stresses at the center of that face. If set to zero, only
stresses at ISP(1) as set above are calculated.
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H. 3D SHELL ELEMENTS

Skip this section for a dynamic response calculation with the restart option. Otherwise, the following
cards are supplied if 3D shell elements are used in the finite-element model.

Card Set H.1 - Control Data

1-5(D) MTYPE Element type number: Enter 2 for 3D shell.

6-10 () . N3DEL Total number of elements. Leave blank if MG is used.
11-15 (I) NMAT Number of material types.

16-20 (1) NLD Number of surface load types. Leave blank if MG is used.

Card Set H.2 - Material Properties

1-5(D) N Material identification number
6-15 (F) EE Modulus of elasticity
16-25 (F) ENU Poisson’s ratio
26-35 (F) RHO Weight density of material
36-45 (F) ALPT Cocfficient of thermal expansion

Card Set H.3 - Surface Loads

This card is not needed when mesh generation is used.

1-5(D) N Surface pressure ID number

6-10 (I) KTYPE Surface pressure type: = 1 uniform pressure; = 2 hydrostatic
pressure.

11-20 (F) PR Pressure value if KTYPE = 1.

Weight density of water if KTYPE = 2.

21-30(F) ZREF Z-coordinate of the water level.
Leave blank if KTYPE = 1.

31-35(D) NFACE Element face number upon which pressure acts (Figure 3.2).

Card Set H.3 - Reference Temperature and Gravity Acc.

1-10 (F) REFT Stress free temperature

11-20 (F) GRAV Gravitational acceleration
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Card Set H.4 - Element Data

Skip this card set if mesh generator is used.

Two cards are required for each element except for those that are to be generated.

Card Set H.4.1 - Control Data

1-5(D) NEL Element number
6-10 () NINT Integration order: = 3 for regular shape; = 4 for irregular shape.
11-15 (D MAT Material type number
16-20 (I) INC Generation increment
21-25(D) MLD Surface pressure number
75-80 (I) » IGG = 0 for 16-node elements; = 1 for 12-node elements.

Card Set H.4.2 - Element Connectivity

1-5(0). NP(1) Node 1
(see Figure 3.2)

76-80 (I) NP(16) Node 16
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I. THICK SHELL ELEMENTS

Skip this section for a dynamic response analysis using the restart files. Otherwise, the following data
cards should be supplied if thick shell elements are used in the finite-element model.

\

Card Set 1.1 - Control Data

1-5(D) MTYPE Element type number: Enter 3 for thick-shell elements.
6-10 (I) NUMEL Total number of elements. Leave blank if MG is used.
11-15 (1) NMAT Number of material types.

Card Set 1.2 - Material Properties

1-5() MAT Material identification number
6-15 (F) EE . Modulus of elasticity

16-25 (F) NU Poisson’s ratio

26-35 (F) RO Mass density of the material
36-45 (F) GRAY Weight density of the material
46-55 (F) THERM Coefficient of thermal expansion

Card Set 1.3 - Water and Temperature Data

1-10 (F) ROWATER  Weight density of water

11-20 (F) REFT Stress free temperature

Card Set 1.4 - Element Data

Skip this card set if mesh generator is used.

Two cards are required for each element and they must be numbered in increasing sequence.

Card Set 1.4.1 - Connectivity Data

1-5(D) NNZ Element number

6-10 (I) IX2(1) Node 1

41-45 (1) IX2(8) Node 8
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Card Set 1.4.2 - Material and Pressure Types -

1-5(D MAT  Material Identification number.
6-15 (F) PRESS(1) Uniform normal pressure acting on face t = -1.

16-25 (F) PRESS(2) Uniform normal pressure acting on face t = +1.
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J. STATIC ANALYSIS

The following cards are required in static analysis only.

Card Set J.1 - Concentrated Nodal Loads

For each nodal point at which concentrated forces or moments are applied a number of cards are
required. This number is equal to the number of load cases in which concentrated loads are acting at
that nodal point. The data cards are provided according to the nodal number sequence and should be
terminated by a blank card. Each data card contains the following information:

1-5(D) N Node number R
6-10 (I) L Load case number

11-20 (F) RQ1) Force in X-direction

21-30 (F) R(2) Force in Y-direction

31-40 (F) R@3) Force in Z-direction

41-50 (F) R@) Moment about local x-axis

51-60 (F) R(5) Moment about local z-axis

Card Set J.2 - Element Loads

For each load case, one card is supplied to specify the element loads to be considered in the analysis.
There are total of LL load cases as specified in Section B.2.

1-5() 1A Gravity load multiplier: = 1 include gravity load; = 0 otherwise.
6-10 (I) IB Water load multiplier, same rules are applied.

11-15 (D) IC Temperature load multiplier.
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K. RESPONSE HISTORY ANALYSIS

The following cards are needed in response history analysis only.

Card Set K.1 - Response Control Data

1-5(D) NFN Number of components of ground motion.
6-10 (1) NT Total number of time steps.
11-15 (I) NOT Time interval for print-out of nodal displacements and stresses,

expressed as a multiple of the integration time step.
16-25 (F) DT Integration time step.

26-35 (F DAMP Modal damping ratio to be applied to all modes.
ping PP

Card Set K.2 - Ground Motion Control Data

1-5 () JFNQ1) Identification number for the ground motion in the x-direction.

6-10 (I) JFN(2) Identification number for the ground motion in the y-direction.
11-15 (D JFN(@3) Identification number for the ground motion in the z-direction.

Card Set K.} - Ground Motion

The following set of cards is required for each component of the ground motion. The sequence
should correspond to ground motion identification numbers in increasing order.

Card Set K.3.1 - Control Data

1-5() NLP Number of acceleration data points

6-15 (F) SFTR Scale factor multiplier (default = 1). It is also used to convert input
accelerations into consistent units.

16-80 (A) HETD Print-out heading for the input motion

Card Set K.3.2 - Acceleration Data

1-10 (F) T Time value at point 1

11-20 (F) P Acceleration value at point 1

Six pairs of time and acceleration values are supplied on each card. As many cards as required are
provided to specify NLP pairs of data points. ' '
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Card Set K.4 - Displacement Qutput -

The following set of cards is required to specify the displacement output results.

Card Set K.4.1 - Control Data

1-5(D KKK Code for output type: = 1 Print-out of displacement histories and
‘ maxima; = 2 Not used; = 3 Print-out of displacement maxima
only.

Card Set K.4.2 - Displacement Components

One card is required for each node for which displacement print-out is requested. The set of cards is
in increasing order of nodal numbers. One blank card is supplied to terminate the sequence of cards.
Up to five displacement components may be requested for the thick shell nodes and up to three
components for all other nodes. :

1-5(I) . NP Node number

10 (1) | (ol Displacement component:
15D . =1 X-component

20 (D . = 2 Y-component

25(D) : = 3 Z-component

30D = 4 Local x-rotation

= 5 Local z-rotation

First zero or blank on these columns terminates the sequence of displacement components of the
node.

Card Set K.5 - Stress Output
The following cards are required to specify the stress output.

Card Set K.5.1 - Control Data

1-5(D) KKK Code for output type: = 1 Print-out of stress histories and maxima;
= 2 Not used; = 3 Print-out of stress maxima only.

Card Set K.5.2 - Stress Components

For each element type used one set of cards is required. The order of 8-node solid, 3D shell, and
thick-shell should be followed. In each set, four cards are supplied for each element for which stress
output is requested. Each set is terminated by a blank card. For example if stress output is requested
for N 8-node elements, 4N+ 1 cards are supplied with the last one being a blank card. The four sets of
cards for each element are prepared as follows:




Card -1:

1-5 (1) NEL

Cards 2, 3, and 4:

Contain numbers associated with the requested stress components of the elements. They are entered
on columns 4, §, ..., 80 as (2014) format. The first zero or blank on these columns will terminate the
request of the stress components of the element. Up to 12, 60, and 40 stress components may be
requested for 8-node solid, 3D shell, and thick-shell elements, respectively. Stress components for
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Element number

each element type are summarized in the tables below.

Table 7.1 Stress Components in 8-Node Solid

Elements
Stress Face Center/or Face Center
Components Centroid, Point 1 Point 2
Oxx 1 7
lo] 2 8
a)zrzy 3 9
o 4 10
a;}z, 5 11
Oxx 6 12

Table 7.2 Stress Components in 3D-Shell Elements

Stress Stress Points

Components 1 2 3 4 5 6 7 8 9 10
Oxx 1 7 13 19 25 31 37 43 49 55
Fyy 2 8 14 20 26 32 38 44 50 56
Ozz 3 9 15 21 27 33 39 45 51 57
Oxy 4 10 16 22 28 34 40 46 52 58
%z 5 1 17 23 29 35 41 47 53 59
Ozx - 6 12 18 24 30 36 42 48 54 60

Table 7.3 Stress Components in Thick-shell Elements

Stress

Components 1 2 3 4 5 6 7 8
Oxx 1 6 11 16 21 26 31 36
Iyy 2 7 12 17 22 271 32 37
%xy 3 8 13 18 23 28 33 38
%z 4 9 14 19 24 29 34 39
Oxx 5 10 15 20 25 30 35 40
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L. RESPONSE SPECTRUM ANALYSIS

The following cards are required only in a response spectrum analysis:

Card Set L.1 - Control Data

1-5(D) MGM Number of components of the ground motion (1, 2, or 3).
6-10 (1) IPD Code for Displacement output: = 1 Print-out of modal and SRSS
. displacements; = 0 no displacement print-out.
11-15 (D) IPS Code for stress output: = 0 compute and print stresses; = 1 do not
compute Stresses.

Card Set L.2 - Acceleration Spectrum Data

The following set of cards should be supplied for each component of the ground motion (follow the
X, Y, and Z order). If no ground motion is to be considered in a particular direction, two blank cards
should be supplied instead.

Card Set L..2.1 - Header Information

o

1-72 (A) HED Ground motion heading information.

Card Set 1..2.2 - Control Data

1-5( NP Number of points specifying the acceleration spectrum.
p P g p

6-15 (F) SFTR Scale factor; use to scale spectral accelerations or to convert them
into consistent units. . :

Card Set 1..2.3 - Response Spectrum Data

1-10 (F) T Period value of point 1

11-20 (F) S Spectral acc. value at point 1

Four pairs of period and acceleration spectrum values are specified on each card. Supply as many
cards as required to define all NP points. Linear interpolation is used in the program to calculate
spectrum values for the periods between the specified input points.

M. TERMINATION CARD

Two blank cards should be supplied to terminate the program execution.
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8. DESCRIPTION OF INPUT DATA
FOR INCRES PROGRAM
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INCRES INPUT DATA

The input data for the INCRES program is described in this section.

A. TITLE

1-80 (A)

B. CONTROL DATA

1-5(0) NUMNP
6 -10 (I) NUMNS
11-15 (I) N3DEL
16-20 (1) N2DEL
21-30 (F) WMASS
31-40 (F) GA
41-50 (F) WATL
51-55 (I) | ICOMP
Note:

Information to be printed as the output header.

Total fluid nodal points.

Number of fluid nodal points on the dam-reservoir interface.
Number of 3D fluid elements.

Number of 2D interface fluid elements.

Mass density of water.

Gravity acceleration.

Z-coordinate of water level.

Code for comparison between the finite element and Westergaard
solutions; = 0, no comparison is made; = 0, A comparison is made
by subjecting the dam face to a pattern of unit g uniform

accelerations in the ICOMP direction. ( ICOMP = 1, 2, or 3,
corresponding to the x, y, and z directions )

The comparison between the finite element and the Westergaard is made only for a simple
pattern of unit g accelerations that are applied in the global x, y, or z direction.  This is
essentially equivalent to a rigid body motion of the dam, and thus does not consider the
flexibility of the arch structure. The resulting hydrodynamic pressures acting on the face of the
dam, and the equivalent nodal forces for each method are printed out in the output files,

= - e

Preceding Page Blank \(
Leen --—J‘

\ — .
o _ . e —
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C. NODAL COORDINATES AND BOUNDARY CONDITIONS

One card per nodal point is required to specify the coordinates and the boundary conditions.

1-5(I) N Node number"

6-15(F) - XYZ(1,N) X-coordinate

16-25 (F) XYZ(2,N) Y-coordinate

26-35 (F) XYZ(3,N) Z-coordinate

36-40 (I) IBC(N) Boundary condition codes:

= 0 Non-interface below-the- surface-nodes
= 1 Non-interface surface-nodes

" =-2 Interface surface-nodes
=-1 Interface below-the-surface-nodes

*
Reservoir nodal points should be numbered according to Figure 2.10. Each reservoir section is
numbered across the channel and from water surface to bottom.

D. 2D ELEMENT DATA

One or both of the following data cards specify each 2D element on the interface. The sequence of
data is such that the absolute values of the element numbers are in increasing order.

D.1 Element Connectivity

This card is always required.
1-5() " NEL Element number:
' For an element that its nodes at the water surface do not coincide

with the corresponding concrete nodes, NEL is entered as a
negative number. ‘

6 -10 (I) NCON(1)  Element nodal point 1"

41-45 (D) NCON(8) Element nodal point 8

46-50 () NINT Integration order: 2, or 3 (2 is usually sufficient).

/

" Degenerated nodal points and the omitted mid-side nodes of a degenerated element should be set
to zero. For example the element connectivity for the triangular 2D element in Figure 3.6ais 1, 2, 3,
0,5,6,0,8. ‘ :
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D.2 Z-coordinates of Surface Elements

This card is required when NEL is negative. That is when the water surface does not coincide with
the upper edge of the concrete elements.

1-10(F) Z2 Z-coordinate of the nodes on the upper side of the corresponding
dam element.
11-20 (F) v/ Z-coordinate of the nodes on the mid-height of the corresponding

dam element.

21-30 (F) 71 Z-coordinate of the nodes on the lower side of the corresponding
dam element.

Note: Water level always lies between Z2 and Z1.

E. 3D ELEMENT DATA

Two cards are required for each 3D fluid element. The sequence of cards is in increasing order of the

element numbers.

E.1 _Element Identification

1-5() NE Element number

6-10 (1) NINT Integration order: 2, or 3(usually 2 is sufficient).

E.2 _Element Connectivity

1-5() NP(1) Element nodal number 1°

76-80 (1) NP(16) Element nodal number 16

: Degenerated nodal points and omitted mid-side nodes of a degenerated 3D fluid element should be
set to zero. For example element numbering of the triangular 3D element in Figure 3.6bis 1,2,3,0,
5,6,7,0,9,10,0, 12, 13, 14, 0, 16.
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F. ADDED-MASS MATRIX

The following cards are supplied to convert the calculated added-mass defined with respect to the
reservoir dof’s into a mass matrix consistent with the dam dof’s. The resulting mass matrix is a full
square matrix with a dimension equal to the number of dof’s of the dam, and is blocked similar to the
concrete mass matrix. It should be noted that only those terms corresponding to the upstream nodes
of the dam (wet nodes) are non-zero. This resequenced added-mass matrix which is saved in binary
form on TAPE12.DAT, is later used as an input to EADAP program to account for the interaction
with the reservoir in dynamic analysis.

F.1 Resequencing Option

1-5(D ISEQ Code for resequencing the added-mass:
EQ. 0, Do not resequence
NE. 0, Resequence

F.2 Blocking Information

When resequencing is requested, the following information is provided for storing the added-mass in
block forms. '

1-5 NEQB Number of equations per block for the dam-foundation system.
NEQB is obtained from a previous EADAP dynamic analysis.

6-10 NBLOCK Number of blocks for the dam- foundation system.

11-15 NLL Number of dof’s of the interface nodes (no. of nodes on interface
multiplied by 3).

F.3_DOF’s of Dam Interface Nodes
The following set of cards are supplied to resequence the added-mass.

Degrees-of-freedom of the dam interface-nodes are provided according to the node numbering
sequence oOf the reservoir interface-nodes. For each node only three translational degrees-of-freedom
are considered. Degrees-of-freedom of the concrete nodes are obtained from the ID array of the dam-
foundation system which is included in the output-file of any EADAP analysis. Thus, for every
reservoir interface-node, a corresponding concrete node is identified and its dof’s are retrieved from
the ID array. '

Sixteen values are provided in each card (1615 format), and as many cards as needed are supplied to
define all dofs of all interface-nodes. '

G. TERMINATICN CARD

Two blank cards terminate the program execution.
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PRE- AND POST-PROCESSING CAPABILITIES

The present EADAP program can automatically generate finite element meshes for the concrete arch
dam and the foundation rock. But the mesh generation is limited to regular geometries and the

program does not include any pre- and post-processing graphics capabilities.

QUEST Structures, a consulting engineering company in Emeryville, California, has enhanced and
extended the program EADAP further and has developed pre- and post- processing graphics
capabilities for the program. The QUEST version of the program, which is called GDAP, for
Graphics-based Dam Analysis Program, was used extensivély to prepare all the 3D and 2D pictures

presented in this report and to display the results of the example analyses.

The program GDAP and its associated pre- and post-pfocessors run on 386-based microcomputers
under the UNIX operating system and share graphics and data files with the MS-DOS environment.
It can easily be installed on any mini-computer or graphics workstation that has MS-DOS capabilities.
An outline of this commercial package offered by QUEST Structures is provided here for information

purposes.

Pre-Processor

The pre-processor automatically generates finite-element mes‘hes. for the dam, foundation rock, and
the reservoir water from either the ADSAS (US Bureau of Reclamation’s Arch Dam Stress Analysis
System) or GDAP input data. Depending on the options selected, the pre-processor generates
various 3D and 2D graphics for presentation or examination of the accuracy of various aspects of the
generated finite-element models. Following is a list of available features:
* Automatic mesh generation of the dam, foundation, and the reservoir models for arch dams
located in narrow, wide, regular, or irregular canyons.

* Accepting ADSAS data files as input.

Y
i
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* 3D plots of the dam, foundation, and reservoir models with hidden lines removed.
* 3D "shrink” plots of the dam and foundation to check element connectivities.

* 2D plots of the upstream and downstream faces of the dam to examine node numbers, and
element numbers.

* Plot of crown cantilever with Line of Centers (LOC) for comparison with design layouts.

*» Plan view of arch sections to check curvatures-and angles to the abutments.

Post-Processor

The post-processor of the GDAP program transforms the results Qf the static aﬁd dynamic analyses
into appropriate plots and contours for easy review and evaluation. In particular, it includes
evaluation criteria for analyzing the large amount of data produced in a typical response history
analysis. It automatically retrieves the envelope of the maximum and minimum stress values, |
identifies all significant concurrent stresses, recovers stress histories at all critical locations, provides ;
statistics regarding the number of stress cycles exceeding the allowable stress, and calculates the f

excursion time of stress cycles beyénd the allowable values. A list of available features follows:

* Plot of nodal displacements and mode shapes along each arch section.
* Contour plots of the static, dynamic, and the static plus dynamic arch and cantilever stresses.
* Vector plots of static, dynamic, and static plus dynamic principal stresses.

» Contour plots of the envelope arch and cantilever stresses due to the dynamic only and the
dynamic plus static loads.

» Contour plots of concurrent stresses at critical instants of time.

» Time history plots of the input earthquake motions and the critical nodal displacements and
element stresses.

* Statistics on number of stress cycles exceeding allowable stress and the corresponding excursions
of these stress cycles beyond specified limits.
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORT SERIES
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