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ABSTRACT

A two-stage procedure was proposed in 1978 for the analysis phase of elastic design and safety
evaluation of concrete gravity dams: (1) a simplified analysis pro;;edure in which the response due
only to the fundamental vibration mode is estimated directly from the earthquake design spectrum;
and (2) a refined response history analysis procedure for finite element idealizations of the dam
monolith, The former was recommended for the preliminary design and safety evaluation of dams,
and the latter for accurately computing the dynamic response and checking the adequacy of the prel-
iminary evaluation. In this report, the simplified analysis procedure has been extended to include the
effects of dam-foundation rock interaction and of reservoir bottom sediments, in addition to the
effects of dam-water interaction and water compressibility included in the earlier procedure. Also
included now in the simplified procedure is a “static correction™ method to consider the response
contributions of the higher vibration modes. Thus, the design procedure proposed in 1978, which is

still conceptually valid, should utilize the new simplified analysis procedure.
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INTRODUCTION

The earthquake analysis of concrete gravity dams has come a long way, progressing from
traditional “static” methods for computing design forces to dynamic analysis procedures.
With the aid of dynamic response analysis, considering the effects of interaction between the
dam and impounded water and of water compressibility, it has been demonstrated that the
traditional design procedures have serious limitations because they are based on unrealistic
assumptions: rigid dam and incompressible water (3). In order to improve dam design

procedures, a simplified version of the general dynamic analysis procedure was developed (3).

A two-stage procedure was proposed for the analysis phase of elastic design and safety
evaluation of dams: the simplified analysis procedure in which the maximum response is
estimated directly from the earthquake design spectrum; and a refined response history
analysis procedure for finite element idealizations of the dam monolith. The former is
recommended for the preliminary phase of design and safety evaluation of dams and the
latter for accurately computing the dynamic response and checking the adequacy of the
preliminary evaluation (3). Both procedures have been utilized in practical applications. At
the time (1978) the design procedure was presented, both of these analysis procedures

included the effects of dam-water interaction and compressibility of water.

More recently, the response history analysis procedure for two-dimensional finite
element idealizations of gravity dam monoliths has been extended to also consider the
absorption of hydrodynamic pressure waves into the alluvium and sediments deposited at the
bottom of reservoirs, and the interaction between the dam and underlying flexible foundation
rock. With the aid of response analysis utilizing EAGD-84 (9), the computer program that
implements the extended procedure, these effects have been demonstrated to be significant (6,
7). Thus, this procedure and computer program supersede the earlier procedure for the final

design and safety evaluation of dams.



The objective of this report is to extend the simplified analysis procedure (3) td include
the effects of dam-foundation rock interaction and reservoir bottom materials so that these
important effects can be considered also in the preliminary design phase. The simplified
procedure involves computation of the lateral earthquake forces associated with the
fundamental vibration mode of the dam, Utilizing the analytical development underlying the
procedure (4, 5), this paper is concerned with implementation of the procedure. Recognizing
that the cross-sectional geometry of concrete gravity dams does not vary widely, standard data
for the vibration properties of dams and the quantities that depend on them are presented to
minimize the computations. Also included now in the simplified procedure is a “static
correction” method to consider the response contributions of the higher vibration modes, and
a rule for combining the modal responses. The use of the simplified procedure is illustrated by
examples and is shown to be sufficiently accurate for the preliminary phase of design and

safety evaluation of dams.

SIMPLIFIED ANALYSIS OF FUNDAMENTAL MODE RESPONSE

The dynamic response of short-vibration-period structures, such as concrete gravity dams, to

earthquake ground motion is primarily due to the fundamental mode of vibration. Thus, this is the

most important vibration mode that need be considered in a simplified analysis procedure. The dam

response to the vertical ground motion is less significant relative to the horizontal ground motion (7),

and is therefore not included in the simplified procedure.

Even the analysis of the fundamental mode response of a dam is very complicated because dam

water-foundation rock interaction introduces frequency-dependent, complex-valued hydrodynamic

and foundation terms in the governing equations. However, frequency-independent values for these

terms can be defined and an equivalent single-degree-of-freedom (SDF) system developed to represent

approximately the fundamental m ode response of concrete gravity dams (5).



For computing the response of the dam to intense earthquake ground motion it is appropriate to
consider the two-dimensional vibration of individual monoliths. Each monolith is assumed to be
supported on a viscoelastic half plane and impounding a reservoir of water, possibly with alluvium
and sediments at the bottom (Fig. 1). Although the equivalent SDF system representation is valid for
dams of any cross-section, the upstream face of the dam was assumed to be vertical (4,5) only for the
purpose of evaluating the hydrodynamic terms in the governing equations, The standard data
presented in this report is also based on this assumption, which is reasonable for actual concrete
gravity dams because the upstream force is vertical or almost vertical for most of the height, and the
hydrodynamic pressure on the dam face is insensitive to small departures of the face slope from
vertical, especially if these departures are near the base of the dam, which is usually the case. The
dynamic effects of the tail water are neglected because it is usually too shallow to influence dam
response. A complete description of the dam-water-foundation rock system is presented in Refs, 4

and 8.

Equivalent Lateral Forces

Considering only the fundamental mode of vibration of the dam, the maximum effects of the
horizontal earthquake ground motion can be represented by equivalent lateral forces acting on the

dam (5):

E, S,(T.¢ .
[1x.y) = If -—-(—g’—f-'l [we (x,p) & (x,¥) + gp (v, T,) 8 (x)] (1)
1

In Eq. 1, the x-coordinate is along the breadih of the dam monolith, the y-coordinate is measured

from the base of the dam along its height, w,(x,¥) = gm,(x,y} is the unit weight of the dam,

H
My = Mi+Re|[ Py (3T} ¢i‘(0=y)dy} (2a)
My = [ [ms (e ‘[¢f‘(x,y)]2+[¢f’(x,y)]2]dxdy (2b)
H

L = L1+£ 5y, T dy (3a)



Li = [ [ mg (x.p) of (x.y) dxdy | (3b)

M is the generalized mass and L, the generalized earthquake force coefficient, with the integrations
in Egs. 2b and 3b extending over the cross-sectional area of the dam monolith; ¢{f(x,y) and ¢f(x,y)
are,' respectively, the horizontal and vertical components of displacement in the fundamental
vibration mode shape of the dam supported on rigid foundation rock with empty reservoir; p,(y,7,)
is the complex-valued function representing the hydrodynami}: pressure on the upstream face due to
harmonic acceleration of period f‘, {defined later} in the fundamental vibration mode; H is the depth
of the impounded water; &(x) is the Dirac delta function, which indicates that the hydrodynamic
pressure acts at the upstream face of the dam; g is the acceleration due to gravity; and S, (f},é,) is
the psuedo-accelerationl ordinate of the earthquake design spectrum evaluated at the vibration period
7, and damping ratio £ of the equivalent SDF system respresenting the dam-water-foundation rock

system.

The natural vibration period of the ¢quivalent SDF system representing the fundamental mode

response of the dam on rigid foundation rock with impounded water is (4):
7, = R, T} (4a)

in which 7 is the fundamental vibration period of the dam on rigid foundation rock with empty
reservoir. Because of the frequency-dependent, added hydrodynamic mass arising from dam-water
interaction, the factor R, > 1. It depends on the properties of the dam, the depth of the water, and
the absorptiveness of the reservoir bottom materials. The natural vibration period of the equivalent
SDF system represeniing the fundamental mode response of the dam on flexible foundation rock with

empty reservoir is (4):

T, = Ry T, (4b)
Because of the frequency-dependent, added foundation-rock flexibility arising from dam-foundation
rock interaction, the factor Ry > 1. It depends on the properties of the dam and foundation rock.

The natural vibration period of the equivalent SDF system representing the fundamental mode

response Of the dam on flexible foundation rock with impounded water is approximately given by (5):



(¥ 3

T\ = R Ry T (4¢)

The damping ratio of this equivalent SDF system is (5):

T
1 Rr (-Rf)3

g1+ & + iy (3)

in which £, is the damping ratio of the dam on rigid foundation rock with empty reservoir; ¢,
represents the added damping due to dam-water interaction and reservoir bottom absorption; and &,
represents the added radiation and material damping due to dam-foundation rock interaction.
Considering that R, and Ry > 1, Eq. 5 shows that dam-water interaction and dam-foundation rock
interaction reduce the effectiveness of structural damping. However, usually this reduction is more
than compensated by the added damping due to reservoir bottom absorption and due to dam-

foundation rock interaction, which leads to an increase in the overall damping of the dam.

It is important to note that the effects of dam-water interaction and dam-foundation rock
interaction on the parameters of the equivalent SDF system -- natural vibration period, damping
ratio, generalized mass and earthquake force coefficient -- are computed independently of each other
and applied sequentially to give values for the parameters that include the simultaneous interaction
effects. The ability to separate the interaction effects in the computation of the natural vibration
period and generalized mass is a consequence of the fact that dam-foundation rock interaction has
little influence on the added hydrodynamic mass, and dam-water interaction does not substantially
alter the effects of foundation rock flexibility. Such separation of the interaction effects is less
accurate in the computation of the overall damping ratio and earthquake force coefficient by the
simplified expressions of Eqs. 5 and 3a, but the results are acceptable for the preliminary phase of
design and safety evaluation of dams. The separate consideration of dam-water interaction effects and
dam-foundation rock interaction effects is an important feature of the simplified analysis procedure in
that it greatly simplifies the evaluation of the fundamental vibration mode response of dams on

flexible foundation rock with impounded water.

The quantities R, R, &, &7, El(y,f",,),le, and M 1, which are required to evaluate the

equivalent lateral forces, Eq. 1, contain all the modifications of the vibration properties of the



equivalent SDF system and of the generalized earthquake force coefficient necessary to account for
the effects of dam-water interaction, reservoir bottom absorption, and d_am-foundation rock
interaction. Even after the considerable simplification necessary to arrive at Eq. 1, its evaluation is
still too complicated for practical applications because the afore-mentioned quantities are complicated
functions of the hydrodynamic and foundation-rock flexibility terms (5). Fortunately, as will be seen
in a later section, the computation of lateral forces can be considerably simplified by recognizing that

the cross-sectional geometry of concrete gravity dams does not vary widely.

One-Dimensional Approximation of Lateral Forces

The lateral forces f(x,y) due to the fundamental vibration mode, Eq. 1, are distributed over
the cross-section of the dam monolith. Because the variation of the fundamental vibration mode
shape ¢f(x,y) across the dam breadth is small, i.e. ¢{{x,y) = ¢{(0,y), it would be reasonable in a
simplified analysis to integrate f,(x,y) over the breadth of the monolith to obtain equivalent lateral

forces f(y) per unit height of the dam:

i, S, (P L
fi) = = ST o 6y 4 ghy (0, 7)) (6)
M, g

in which ¢() = #{0,y) is the horizontal component of displacement at the upstream face in the
fundamental vibration mode shape of the dam; w,(y) is the weight of the dam per unit height; and all
other quantities are as defined before except that the generalized mass and earthquake force

coefficient, Egs. 2b and 3b, are now represented by one-dimensional integrals:

Hr
M, = é [morens ‘ (7a)
H
_ 1
L=~ L ws () ¢ (V) dp (7b)

in which H, is the height of the dam. Eq. 6 is an extension of Eq. 9 in Ref. 3 to include the effects of

dam-foundation rock interaction and reservoir bottom materials on the lateral forces.



Approximation of Hydrodynamic Pressure

If the hydrodynamic wave absorption in the alluvium and sediments at the bottom of a
reservoir is considered, the hydrodynamic pressure function p l(y,f‘,) is complex-valued at the period
f”,. The distributions of the real- and imaginary-valued components of lateral forces f,(y) at the
upstream face of a typical concrete dam monolith with nearly full reservoir (H /H, = 0.95) are shown
in Fig. 2. The hydrodynamic pressure and hence lateral forces are real-valued for nonabsorptive
reservoir bottom materials, i.e. « = 1 (3). Even when reservoir bottom absorption is considered, the
imaginary-valued component of lateral forces is small relative to the real-valued component,
increasing near the base of the dam, where, because of the large stiffness of the dam, it will have little
influence on the stresses in the dam. Consequently, the imaginary-valued component of 7 ,(y,f",) may
be neglected in the evaluation of the lateral forces f,(v), and Eq. 6 becomes:

£1_ So(T1E)

el (YO RTOR N o) ®)
1

f1) =

where p(y,T,) = Re[ﬁl(y,f‘,)]. Although the imaginary-valued component of p 1(y,f",) has been
dropped in Eq. 8, its more important effect, the contribution to added hydrodynamic damping £, in
Eq. 5, is still considered.

The generalized mass M, of the equivalent SDF system, Eq. 2a, only depends on the real-vélued

component of hydrodynamic pressure:
£ H -~
My = M|+‘[ p 0. T,y e ) dy (9a)

where M, is defined in Eq. 7a. However, the generalized earthquake force coefficient f,l, Eq. 3a,
contains both real-valued and imaginary-valued components of the hydrodynamic pressure. Again,
dropping the imaginary-vatued component gives:

H

L, =L+ '[ p @, T)dy (9b)

where L, is defined in Eq. 7b.



STANDARD PROPERTIES FOR FUNDAMENTAL MODE RESPONSE

Direct evaluation of Eq. 8 would require complicated computation of several quantities: p(y,T,)
from an infinite series expression; the period lengthening ratios R, and R, due to dam-water and
dam-foundation rock interactions by iterative solution of equations involving frequency-dependent
terms; damping ratios £, and £ from expressions involving complicated foundation-rock flexibility
and hydrodynamic terms; the integrals in Eq. 9; and the fundamental vibration period and mode
shape of the dam (4, 5). The required computations would be excessive for purposes of preliminary
design of dams. Recognizing that the cross-sectional geometry of concrete gravity dams does not vary
widely, standard values for the vibration properties of dams and all quantities in Eq. 8 that depend

on them are developed in this section. Tables and curves of the standard values are presented.

Vibration Properties of the Dam

Computed by the finite element method, the fundamental vibration period, in seconds, of a
“standard” cross-section for nonoverflow monoliths of concrete gravity dams on rigid foundation rock

with empty reservoir is (3):

(10)

in which H; is the height of the dam, in feet; and E; is the Young’s modulus of elasticity of concrete,
in pounds per square inch. The fundamentai vibration mode shape ¢(y)} of the standard cross-section
is shown in Fig. 3a, which is compared in Fig. 3b with the mode shape for four idealized cross-
sections and two actual dams. Because the fundamental vibration periods and mode shapes for these
cross-sections are similar, it is appropriate to use the standard vibration period and mode shape
presented in Fig. 3a for the preliminary design and safety evaluation of concrete gravity dams. The

ordinates of the standard vibration mode shape are presented in Table 1.



Modification of Period and Damping: Dam-Water Interaction

Dam-water interaction and reservoir bottom absorption modify the natural vibration period
(Eq. 4a) and the damping ratio (Eq. 5) of the equivalent SDF system representing the fundamental
vibration mode response of the dam. For the standard dam cross-section, the period lengthening
ratio R, and added damping £ depend on several parameters, the more significant of which are:
Young’s modulus E, of the dam concrete, ratio H/H; of water depth to dam height, and wave
rcﬂecti.on coefficient «. This coefficient, «, is the ratio of the amplitude of the reflected hydrodynamic
pressure wave to the amplitude of a vertically propagating pressure wave incident on the reservoir
bottom (4, 8, 10, 11); « = 1 indicates that pressure waves are completely reflected, and smaller values

of « indicate increasingly absorptive materials.

The results of many analyses of the “standard” dam cross-section, using the procedures
developed in Ref. 4 and modified in Appendix A for dams with larger elastic modulus E, are
summarized in Figs. 4 and 5 and Table 2. The period lengthening ratio R, and added damping £, are
presented as a function of H/H, for E; = 5.0, 4.5, 4.0, 3.5, 3.0, 2.5, 2.0, and 1.0 million psi; and o =
| 1.00, 0.90, 0,75, 0.50, 0.25, and 0. Whereas the dependence of R, and £ on E;, H/H; and «, and
the underlying mechanics of dam-water interaction and reservoir bottom absorption are discussed
elsewhere in detail (4, 5), it is useful to note that R, increases and £, generally, but not always,
increases with increasing water depth, absorptiveness of reservoir bottom materials, and concrete
modulus; also see Appendix A. The effects of dam-water interaction and reservoir bottom absorption
may be neglected, and the dam analyzed as if there is no impounded water, if the reservoir depth is

not large, H/H, < 0.5; in particular R, = 1 and £, = 0.

Modification of Period and Damping: Dam-Foundation Rock Interaction

Dam-foundation rock interaction modifies the natural vibration period (Eq. 4b) and added
damping ratio (Eq. 5) of the equivalent SDF system representing the fundamental vibration mode
responsc of the dam, For the “standard” dam cross-section, the period lengthening ratio Ry and the

added damping £, due to dam-foundation rock interaction depend on several parameters, the more
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significant of which are: moduli ratio E;/E,;, where E; and E; are the Young’s moduli of the dam
concrete and foundation rock, respectively; and the constant hysteretic damping factor ns for the

foundation rock. The period ratio Ry is, however, insensitive to »;.

The results of many analyses of the “standard” dam cross-section, using the procedures
developed in Ref. 4, are summarized in Figs. 6 and 7 and Table 3. The period lengthening ratio R,
and added damping &, are presented for many values of E;/E; between 0.2 and 5.0, and 57 = 0.01,
0.10, 0.25, and 0.50. Whereas the dependence of Ry and & on E;/E; and 77, and the underlying
mechanics of dam-foundation rock interaction are discussed elsewhere in detail (4, 5), it is useful to
note that the period ratio Ry is essentially independent of 5, but increases as the moduli ratio E,/E;
decreases, which for a fixed value of E; implies an increasingly flexible foundation rock. The added
damping £, increases with decreasing E;/E, and increasing hysteretic damping factor n;. The
foundation rock may be considered rigid in the simplified analysis if E7/E; > 4 because then the

effects of dam-foundation rock interaction are negligibie.

Hydrodynamic Pressure

In order to provide a convenient means for determining p(,T,) in Egs. 8 and 9, a
nondimensional form of this function gp(p)/wH , where § = y/H, and w = the unit weight of water,
has been computed from the equations presented in Ref. 4 for & = 1.00, 0.90, 0.75, 0.5, 0.25, and 0,
and the necessary range of values of

¥

R, = = 11
3 (11)

—_

in which the fundamental vibration period of the impounded water T7 = 4H/C, where C is the
velocity of pressure waves in water. The results presented in Fig. 8 and Table 4 are for full reservoir,
H/H, = 1. The function gp(J)/wH for any other value of H/H, is approximately equal to (H /H,)?

times the function for H/H,; = 1 (3).

For nonabsorptive reservoir bottom materials (o = 1), Fig. 8 shows that the function p(V)

increases monotonically with increasing period ratio R,. Because dam-water interaction always
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lengthens the fundamental vibration period T, of the dam to a value greater'than 7%, the period ratio
R, cannot exceed unity (10). For R, < 0.5, the effects of water compressibility are negligible and

p(¥) is essentially independent of R,,.

Figure 8 shows that p(J) decreases because of the absorption of hydrodynamic pressure waves
into the reservoir bottom materials (a < 1). The period ratio R, can exceed unity if « < 1, but p()
decreases as R,, increases because of the increasingly stiff dam. The upper limit for R,, of 1.2 is the

largest value that can result from the data presented in Fig. 4 and Table 2.

Generalized Mass and Earthquake Force Coefficient

The generalized mass M, (Eq. 9a) of the equivalent SDF system representing the dam, including

hydrodynamic effects, can be conveniently computed from (4):
M, = (R} M, (12a)

in which M, is given by Eq. 7a and standard values are presented later. In order to provide a

convenient means to compute the generalized earthquake force coefficient L, Eq. 9b is expressed as:

2

. 1 H
Ly= L+ Fy [Fs A4, (12b)

where F,, = YawH? is the total hydrostatic force on the dam, and Ap is the integral of the function
2gp(V)/wH over the depth of the impounded water, for H/H, = |. The hydrodynamic force
coefficient 4, is presented in Table 5 for a range of values for the period ratio R, and the wave

reflection coefficient a.

STATIC CORRECTION FOR HIGHER MODE RESPONSE

Because the earthquake response of short vibration period structures, such as concrete gravity

dams, is primarily due to the fundamental mode of vibration, the response contributions of the higher
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vibration modes have, so far, been neglected in the simplified analysis procedure presented in the
preceding sections. However, the height-wise mass distribution of concrete gravity dams is such that
the effective mass (2) in the fundamental vibration mode is small, e.g. it is 35 percent of the total
mass for the standard dam section mentioned earlier. Thus, the contributions of the higher vibration
modes to the earthquake fofces may not be negligible, and a simple method to consider them is

presented in this section.

Dams on Rigid Foundation Rock with Empty Reservoir

Because the periods of the higher vibration modes of concrete gravity dams are very short, the
corresponding ordinates of the pseudo-acceleration response spectrum for the design earthquake will
be essentially equal to the zero-period ordinate or maximum ground acceleration. With little
dynamic amplification, the higher vibration modes respond in essentially a static manner to
earthquake ground motion, leading to the “static correction”™ concept (1, 12). _ The maximum
earthquake effects associated with the higher vibration modes can then be represented by the

equivalent lateral forces (Appendix B):

Je Q) = s () [I—EM})]% (13)

1
g
in which g, is the maximum ground acceleration, The shape of only the fundamental vibration mode

enters into Eq. 13 and the shapes of the higher modes are not required, thus simplifying the analysis

considerably.

Dams on Flexible Foundation Rock with Empty Reservoir

Just as in the case of multistory buildings (14), soil-structure interaction effects may be neglected
in a simplified procedure to compute the contributions of the higher vibration modes to the

earthquake response of dams. Thus, Eq. 13 for the equivalent lateral forces is still valid.

To demonstrate the accuracy of Eq. 13, based on the static correction” method to determine

the response contributions of the higher vibration modes, the response of an idealized triangular dam
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monolith with empty reservoir to the S69E component of Taft ground motion is presented.
Assuming the dam base to be rigid, which is reasonable (4), the earthquake response of the dam was
computed as a function of time, considering a variable number of natural vibration modes of the dam
on rigid foundation rock, in addition to the two rigid-body modes of the base allowed by foundation-
rock flexibility. The height-wise distribution of maximum shear force Vi, and maximum bending
moment My, for two dam heights and three values of E;/E; is presented in Figs. 9 and 10 from
three analyses: (1) using the first eight vibration modes, which essentially gives the exact response; (2)
using only the fundamental vibration mode; and (3) using the fundamental vibration mode and the
“static correction” for the higher mode response contributions. It is apparent that in some cases the
higher mode response contributions may be significant and that they are estimated to a useful degree

of accuracy by the “static correction” procedure.

Dams on Flexible Foundation Rock with Impounded Water

Dam-water interaction introduces significant damping in the response of the higher vibration
modes of concrete gravity dams (6), but it has little effect on the higher vibration periods. Because
these periods for concrete pravity dams are very short and the corresponding modes are heavily
damped, the *‘static correction’ method would be appropriate to represent the higher mode responses
of the dam, even with impounded water. The equivalent lateral earthquake forces associated with the
higher vibration modes of dams, including the effects of the impounded water, are given by an

extension of Eq. 13 {Appendix B):

]

1 L B
fsc(y) = ‘g lws (y) [l—jMv_l ¢(y)]+ [gpo (y)"]l'l_l Wy (y) ¢(Y)]]ag (14)

In Eq. 14, p,{y) is a real-valued, frequency-independent function describing the hydrodynamic
pressure on a rigid dam undergoing unit acceleration, with water compressibility neglected, both
assumptions being consistent with the “static correction” concept; and B, provides a measure of the
portion of p,(y) that acts in the fundamental vibration mode. Standard values for p,(y) are

presented in Fig. 11 and Table 6. Using the fundamental mode vibration properties of the standard
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dam:
F 2
Bi = 0052 - [H%] (15)

where F; is the total hydrostatic force on the dam.

RESPONSE COMBINATION

Dynamic Response

As shown in the preceding two sections, the maximum.eﬁ‘ects of earthquake ground motion in
the fundamental vibration mode of the dam have been represented by equivalent lateral forces f(y)
and those due to all the higher modes by f..(y). Static analysis of the dam for these two sets of
forces provide the values r; and r, for any response quantity r, e.g., the shear force or bending
moment at any horizontal section, or the shear or bending stresses at any point. Because the
maximum responses #; and r,, do not occur at the same time during the earthquake, they should be
combined to obtain an estimate of the dynamic response 7z according to the well known modal

combination rules; square-root-of-the-sum-of-squares (SRSS) of modal maxima leading to

ra =N )+ () (16)
or the sum-of-absolute-values (ABSUM) which always provides a conservative result:
rq = |rl|+|rsc| (17)

Because the natural frequencies of lateral vibration of a concrete dam are well separated, it is not
necessary to include the correlation of modal responses in Eq. 16. Later in the report when the
accuracy of the simplified analysis procedure is evaluated, the SRSS combination rule will be shown

to be preferable.

The SRSS and ABSUM combination rules are applicable to the computation of any response

quantity that is proportional to the generalized modal coordinate responses. Thus, these combination
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rules are generally inappropriate to determine the principal stresses. However, as shown in Appendix
C, the principal stresses at the faces of a dam monolith may be determined by the SRSS method if

the upstream face is nearly vertical and the effects of tail water at the downstream face are small.

Total Response

In order to obtain the total value of a response quantity r, the SRSS estimate of dynamic
response #y should be combined with the static effects ;. The latter may be determined by standard
analysis procedures to compute the initial stresses in a dam prior to the earthquake, including effects
of the self weight of the dam, hydrostatic pressures, and temperature changes. In order to recognize
that the direction of lateral earthquake forces is reversible, combinations of static and dynamic

stresses should allow for the worst case, leading to the maximum value of total response:

Pmax = Tq TV (P74 (ree)? (18)

This combination of static and dynamic responses is appropriate if r,;, r; and r,. are oriented
similarly. Such is the case for the shear force or bending moment at any horizontal section, for the
shear and bending stresses at any point, but generally not for principal stresses except under the

restricted conditions mentioned above.

SIMPLIFIED ANALYSIS PROCEDURE

The maximum effects of an earthquake on a concrete gravity dam are represented by equivalent
lateral forces in the simplified analysis procedure. The lateral forces associated with the fundamental
vibration mode are computed to include the effects of dam-water interaction, water compressibility,
reservoir bottom absorption, and dam-foundation rock interaction, The response contributions of the
higher vibration modes are computed under the assumption that the dynamic amplification of the
modes is negligible, the interaction effects between the dam, impounded water, and foundation rock

are not significant, and that the effects of water compressibility can be neglected. These
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approximations provide a practical method for including the most important factors that affect the

earthquake response of concrete gravity dams.

Selection of System Parameters

The simplified analysis procedure requires only a few parameters to describe the dam-water-

" foundation rock system: E;, &, H, Ef, ny, H and «.

The Young’s modulus of elasticity E; for the dam concrete should be based on the design
strength of the concrete or suitable test data, if available. The value of E; may be modified to
recognize the strain rates representative of those the concrete may experience during earthquake
motions of the dam (3). In using the figures and tables presented earlier to conservatively include
dam-water interaction effects in the computation of earthquake forces (Eq. 8), the E; value should be
rounded down to the nearest value for which data are available: E; = 1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
or 5.0 million pounds per square inch. Forced vibration tests on dams indicate that the viscous
damping ratio £, for concrete dams is in the range of I to 3 percent. However, for the large motions
and high stresses expected in a dam during intense earthquakes, £ = 5 percent is recommended. The

height H, of the dam is measured from the base to the crest.

The Young's modulus of elasticity £y and constant hysteretic damping coefficient %, of the
foundation rock should be determined from a site investigation and appropriate tests. To be
conservative, the value of 5, should be rounded down to the nearest value for which data are
available: 7y = 0.01, 0.10, 0.23, or 0.50, and the value of E;/E; should be rounded up to the nearest
value for which data are available, - In the absence of information on damping properties of -the

foundation rock, a value of 4, = 0,10 is recommended.

The depth H of the impounded water is measured from the free surface to the reservoir bottomn.
It is not necessary for the reservoir bottom and dam base to be at the same elevation. The standard
values for unit weight of water and velocity of pressure waves in water are w = 624 pcf and C =

4720 fps, respectively.
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It may be impracticé.l to determine reliably the wave reflection coefficient « because the
reservoir bottom materials may consist of highly variable layers of exposed bedrock, alluvium, silt
and other sediments, and appropriate site investigation techniques have not been developed.
However, to be conservative, the estimated value of « should be rounded up to the nearest value for
which the figures and tables are presented: o« = 1.0, 0.90, 0.75, 0.50, 0.25, 0.00. For proposed new
dams or recent dams where sediment deposits are meager, « = 0.90 or 1.0 is recommended and,
lacking data, @ = 0.75 or 0.90 is recommended for older dams where sediment deposits are
substantial. In each case, the larger o value will generally give conservative results which is

appropriate at the preliminary design stage.

Design Earthquake Spectrum

The horizontal earthquake ground motion is specified by a pseudo-acceleration response
spectrum in the simplified analysis procedure. This should be a smooth response spectrum - without
the irregularities inherent in response spectra of individual ground motions -- representative of the
intensity and frequency characteristics of the design earthquakes which should be established after a

thorough seismological and geological investigation; see Ref. 3 for more detail,

Computational Steps
The computation of earthquake response of the dam is organized in three parts:

Part I: The earthquake forces and stresses due to the fundamental vibration mode can be

determined approximately for purposes of preliminary design by the following computational steps.

i. Compute Ty, the fundamental vibration period of the dam, in seconds, on rigid foundation rock
with an empty reservoir from Eq. 10 in which H, = height of the dam in feet, and E; = design

value for Young’s modulus of elasticity of concrete, in pounds per square inch.

2.  Compute f‘,, the fundamental vibration period of the dam, in seconds, including the influence
of impounded water from Eq. 4a in which T, was computed in Step 1; R, = period ratio

determined from Fig, 4 or Table 2 for the design values of E,, the wave reflection coefficient «,
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and the depth ratio H/H;, where H is the depth of the impounded water, in feet. If

H/H, < 0.5, computation of R, may be avoided by using R, = 1.

Compute the period ratio R, from Eq. 11 in which 'f",, was computed in Step 2, and T =

4H /C where C = 4720 feet per second.

Compute T, the fundamenta) vibration period of the dam in seconds, including the influence of
foundation-rock flexibility and of impounded water, from Eq. 4c in which R, was determined in
Step 2; R; = period ratio determined from Fig. 6 or Table 3 for the design value of E,/E; ; and
Ey is the Young’s modulus of the foundation rock in pounds per square inch. If E;/E; > 4, use
Ry = 1.

Compute the damping ratio %1 of the dam from Eq. 5 using the period ratios R, and Ry
determined in Steps 2 and 4, respectively; £ = viscous damping ratio for the dam on rigid
foundation rock with empty reservoir; £ = added damping ratio due to dam-water interaction
and reservoir bottom absorption, obtained from Fig. 5 or Table 2 for the selected values of E,,
a and H/H,; and {; = added damping ratio due to dam-foundation rock interaction, obtained
from Fig. 7 or Table 3 for the selected values of E;/E; and n,. If H/H, < 0.5, use &, = 0; if

Es/E; > 4, use £ = 0; and if the computed value of £ < £, use 51 = £

Determine gp(y,f",) from Fig. 8 or Table 4 corresponding to the value of R,, computed in step 3
-- rounded to one of the two nearest available values, the one giving the larger p(y) -- the design
value of a, and for H/H, = 1; the result is multiplied by (H/H,)*. If H/H, < 0.5, computation

of p(y,T,) may be avoided by using p(y,T,) = 0.

Compute the generalized mass M 1 from Eq. 12a: in which R, was computed in Step 2, and M,
is computed from Eq. 7a, in which w.(y) = the weight of the dam per unit height; the
fundamental vibration mode shape ¢(y) is given in Fig. 3 or Table 1; and g = 32.2 feet per
squared second. Evaluation of Eq. 7a may be avoided by obtaining an approximate value from

M, = 0.043 W, /g, where W is the total weight of the dam monolith.

Compute the generalized earthquake force coeficient £, from Eq. 12b in which L, is computed

from Eq. 7b; F,, = wH?/2; and A, is given in Table 5 for the values of R, and « used in Step 6.
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If H/H, < 0.5 computation of L may be avoided by using f,, = L. Evaluation of Eq. 7b may

be avoided by obtaining an approximate value from L, = 0.13 W, /g.

Note: Computation of Steps 7 and 8 may be avoided by using conservative values: EI/M 1 =4

for dams with impounded water, and L,/M; = 3 for dams with empty reservoirs.

Compute f(y), the equivalent lateral ecarthquake forces associated with the fundamental
vibration mode from Eq. 8 in which Sa(f",,é,) = the pseudo-acceleration ordinate of the
earthquake design spectrum in feet per squared second at period f"l determined in Step 4 and
damping ratio 51 determined in Step 5; w,(y) = weight per unit height of the dam; ¢(y) =
f&ndamental vibration mede shape of the dam from Fig. 3 or Table 1; M i and i, = generalized
mass and earthquake force coefficient determined in Steps 7 and 8, respectively; the
hydrodynamic pressure term gp(y,T,) was determined in Step 6; and g = 32.2 feet per squared

second.

Determine by static analysis of the dam subjected to equivalent lateral forces f(y), from Step 9,
applied to the upstream face of the dam, all the response quantities of interesf, in particuiar the
stresses throughout the dam. Traditional procedures for design calculations may be used
wherein the bending stresses across a horizontal section are computed by elementary formulas
for stresses in beams. Alternatively, the finite element method may be used for accurate static

stress analysis.

Part II;: The earthquake forces and stresses due to the higher vibration modes can be determined

approximately for purposes of preliminary design by the following computational steps:

11.

12.

Compute f.(y) the lateral forces associated with the higher vibration modes from Eq. 14 in
which A, and L, were determined in Steps 7 and 8, respectively; gp,(v) is determined from
Fig. 11 or Table 6; B, is computed from Eq. 15; and a, is the maximum ground acceleration, in
feet per squared second, of the design earthquake. If H/H; < 0.5 computation of p,(y) may be

avoided by using p,(y) = 0 and hence B, = 0.

Determine by static analysis of the dam subjected to the equivalent lateral forces f,.(y), from

Step 11, applied to the upstream face of the dam, all the response quantities of interest, in
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particular the bending stresses throughout the dam. The stress analysis may be carried out by

the procedures mentioned in Step 10.

Part III: The total earthquake forces and stresses in the dam are determined by the following

computational step:

13. Compute the total value of any response quantity by Eq. 18, in which r, and r,, are values of
the response guantity determined in Steps 10 and 12 associated with the fundamental and
higher vibration modes, respectively, and r,; is its initial value prior to the earthquake due to

various loads, including the self weight of the dam, hydrostatic pressure, and thermal effects.

Use of Metric Units

Because the standard values for most quantities required in the simplified analysis procedure are
presented in non-dimensional form, implementation of the procedure in metric units is

straightforward. The expressions and data requiring conversion to metric units are noted here:

1. The fundamental vibration period 7'y of the dam on rigid foundation rock with empty reservoir

{Step 1), in seconds, is given by:

H

T, = 0.38
1 VE;

(19)

where H; is the height of the dam in meters; and E; is the Young’s modulus of elasticity of the

dam concrete in mega-Pascals.

2.  The period ratio R, and added damping ratio £, due to dam-water interaction presented in Figs.
4 and 5 and Table 2 is for specified values of E; in psi which should be converted to mega- |

Pascals as follows: 1 million psi = 7 thousand mega-Pascals.

3.  Where required in the calculations, the unit weight of water w = 9.81 kilo-Newtons per cubic
meter; the acceleration due to gravity g = 9.81 meters per squared second; and velocity of

pressure waves in water C = 1440 meters per second.
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EVALUATION OF SIMPLIFIED ANALYSIS PROCEDURE

As mentioned earlier (4, 5) and in the preceding sections, various approximations were
introduced to develop the simplified analysis procedure and these were individually checked to ensure
that they would lead to acceptable results. In order to provide an overall evaluation of the simplified
analysis procedure, it is used to determine the earthquake-induced stresses in Pine Flat Dam, and the
results are compared with those obtained from a refined response history analysis -- rigorously
including dam-water-foundation rock interaction and reservoir bottom absorption effects -- in which

the dam is idealized as a finite element system.

System and Ground Motion

The system properties for the simplified analysis are taken to be tﬁe same as those assumed for
the complete response history analysis: the tallest, nonoverflow monolith of the dam is shown in Fig,
12; height of the dam, H, = 400 ft, modulus of elasticity of concrete, E; = 3.25 x 10° psi; unit weight
of concrete = 155 pcf; damping ratio & = 5%; modulus of elasticity of foundation rock
E; =3.25 x 10° psi; constant hysteretic damping coefficient of foundation rock, 7y = 0.10; depth of

water, H = 381 ft; and, at the reservoir bottom, the wave reflection coefficient & = 0.5.

The ground motion for which the dam is analyzed is the S69E component of the ground motion
recorded at the Taft Lincoln School Tunnel during the Kern County, California, earthquake of July
21, 1952. The response spectrum for this ground motion is shown in Fig. 13. Such an irregular
spectrum of an individual ground motion is inappropriate in conjunction with the simplified
procedure, wherein a smooth design spectrum is recommended, but is used here to provide direct

comparison with the results obtained from the refined analysis procedure.
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Computation of Earthquake Forces

The dam is analyzed by the simplified analysis procedure for the four cases listed in Table 7.

Implementation of the step-by-step analysis procedure described in the preceding section is

summarized next with additional details available in Appendix C; all computations are performed for

a unit width of the monolith:

1.

For E, = 3.25 x 10° psi and H, = 400 &, from Eq. 10, T; = (1.4)(400) V3.25 x 106 = 0.311

s€C.

For E; = 3.0 %10% psi (rounded down from 3.25 x 10% psi), « = 0.50 and H/H, = 381/400 =

0.95, Fig. 5 or Table 2 gives R = 1.213, so T, = (1.213)(0.311) = 0.377 sec.
From Eq. 11, T} = (4)(381)/4720 = 0.323 sec. and R,, = 0.323/0.377 = 0.86.

For E;/E; = 1, Fig. 6 or Table 3 gives Ry = 1.187, so T, = (1.187X0.311) = 0.369 sec for Case

3, and T, = (1.187)(0.377) = 0.448 sec for Case 4.

For Cases 2 and 4, £ = 0.030 from Fig. 5 or Table 2 for E, = 3.0 x 10° psi (rounded down
from 3.25 x 10° psi), o = 0.50, and H/H; = 0.95. For Cases 3 and 4, £; = 0.068 from Fig. 7
or Table 3 for Ef/E; = 1 and 5y = 0.10. With £ = 0.05, Eq. 5 gives: E = (0.05)/(1.213) + 0.030
= 0071 for Case 2; ;51 = (0.05)/ (1.187)* + 0.068 = 0.098 for Case 3; and %1 =

(0.05)/ [(1.213)(1.187)*] + 0.030 + 0.068 = 0.123 for Case 4.

The values of gp(y) presented in Table 8 at eleven equally spaced levels were obtained from Fig,
8 or Table 4 for R,, = 0.90 (by rounding R, = 0.86 from Step 3) and « = 0.50, and multipled

by (0.0624)(381)(.95)* = 21.5 K/ft.

Evaluating Eq. 7a in discrete form gives M, = (1/g)(500 kip). From Eq. 12a, M 1

(1.213)%(1/2)(500) = (736 kip)/g.

Equation 7b in discrete form gives L, = (1390 kip)/g. From Table 5, 4, = 0.274 for R,

0.90 and « = 0.50. Equation 12b then gives L, = 1390/g + [(0.0624)(381)%/22)(0.95)%(0.274)
= (2510 kip)/g. Consequently, for Cases 1 and 3, L,/M; = 1390/500 = 2,78, and for Cases 2

and 4, L,/M, = 2510/736 = 3.41.
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For each of the four cases, Eq. 8 was evaluated at eleven equally spaced intervals along the
height of the dam, including the top and bottom, by substituting values for the quantities
computed in the preceding steps, computing the weight of the dam per unit height w,(y) from
the monolith dimensions (Fig. 12) and the unit weight of concrete, by substituting ¢(y) from
Fig. 3a or Table 1, and the S,(7T,£;) from Fig. 13 corresponding to the T, and £, obtained in
Steps 4 and § (Table 7). the resulting equivalent lateral forces f',(v) are presented in Table 8 for

each case.

The static stress analysis of the dam subjected to the equivalent lateral forces f(y), from Step
9, applied to the upstream face of the dam is described in the next subsection, leading to

response value r; at a particular location in the dam.

For each of the four cases, Eq. 14 was evaluated at eleven equally spaced intervals along the
height of the dam, including the top and bottom, by substituting numerical values for the .
quantities computed in the preceding steps; obtaining gp,(y) from Fig. 11 or Tabie 6, which is
presented in Table 8; using Eq. 15 to compute B; = 0.052[(0.0624)(381)%/2g1(0.95¥* =
(212.5 kip)/g, leading to B /M, = 212.5/500 = 0.425; and substituting a, = 0.18 g. The

resulting equivalent lateral forces f;.(v) are presented in Table 8 for each case.

The static stress analysis of the dam subjected to the equivalent lateral forces f.(y), from Step
11, applied to the upstream face of the dam is described in the next subsection, leading to

response value r,. at a particular location in the dam.

Compute the maximum total value of any response quantity by combining r, from step 10, 7,
from step 12, and r, the initial value prior to the earthquake, according to Eq. 18; this is

described further in the next subsection.

Computation of Stresses

The equivalent lateral earthquake forces f(y) and f,.(y) representing the maximum effects of

the fundamental and higher vibration modes, respectively, were computed in Steps 9 and 11.

Dividing the dam inio ten blocks of equal height, each of these sets of distributed forces is replaced
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by statically equivalent concentrated forces at the centroids of the blocks. Considering the dam
monolith to be a cantilever beam, the bending stresses at the upstream and downstream faces of the
monolith are computed at the bottom of each block using elementary formulas for stresses in beams.
The normal bending stresses at the monolith faces are then transformed to principal stresses (Ref. 13,

page 42). In this simple stress analysis, the foundation rock is implicitly assumed to be rigid.

Because the upsiream face of Pine Flat Dam is nearly vertical and the effects of tail water at the
downstream face are negligible, as shown in Appendix C, the principal stresses ¢; and g, at any
location in the dam due to the forces f;(y) and f.(y), respectively, may be combined using the
ABSUM or SRSS combination rules, Eqs. 16 and 17. The combined values o; based on both these
rules, along with the fundamental mode values ¢, for the maximum principal stresses, are presented
in Table 9 for the four analysis cases. These stresses occur at the upstream face when the earthquake
forces act in the downstream direction, and at the downstream face when the earthquake forces act in
the upstream direction. Obtained by using only the SRSS combination rule, the maximum principal

stresses at both faces of the monolith are presented in Figs. 14 and 15.

Comparison with Refined Analysis Procedure

The dam monolith of Fig. 12 was analyzed by the computer program EAGD-84 (9) in which the
response history of the dam, idealized as a finite element system, due to the Taft ground motion is
computed considering rigorously the effects of dam-water-foundation rock interaction and of reservoir
bottom absorption. The results from Ref. 6 at some intermediate steps of the analysis, in particular
the resonant period and damping ratio of the fundamental resonant response, are presented in Table
7, and the envelope values of the earthquake-induced maximum principal stresses are presented in

Table 9 and in Figs. 14 and 15.

‘It is apparent from Table 7 that the simplified procedure leads to excellent estimates of the
rescnant vibration peried and the damping ratio for the fundamental mode. Because the response of
concrete gravity dams is dominated by the fundamental mode, this comparison provides a

confirmation that the simplified analysis procedure is able to represent the important effects of dam-
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water interaction, reservoir bottom absorption, and dam-foundation rock interaction.

As shown in Table 9, the stresses obtained by the simplified procedure considering only the
fundamental vibration mode response are about the same as those obtained by including higher mode
responses in the SRSS combination rule. For the system parameters and excitation considered in this
example, the higher mode responses add only 2 to 10 psi to the stresses, indicating that these can be
neglected in this case and many other cases. However, in some cases, depending on the vibration
periods and mode shapes of the dam and on the shape of the earthquake response spectrum, the
higher mode responses may be more significant and should be included. The ABSUM combination
rule is overly conservative in representing the higher mode responses and therefore not recommended

or included in the subseguent observations.

Considering only the fundamental mode response or obtaining the SRSS combination of
fundamental and higher mode responses, the simplified procedure provides estimates of the
maximum stress on the upstream face that are sufficiently accurate — in comparison with the “exact”
results — to be useful in the preliminary design phase. The accuracy of these stresses depends, in part,
on how well the resonant vibration period and damping ratio for the fundamental mode are estimated
in the simplified procedure; e.g., in case 4, the maximum stress at the upstream face is overestimated
by the simplified procedure primarily because it underestimates the damping ratio by about 2%
(Table 7). While the simplified procedure provides excellent estimates of the maximum stress on the
upstream face, at the same time it overestimates by 25 to 50% the maximum stress on the
downstream face. This large discrepancy is primarily due to the limitations of elementary beam
theory in predicting stresses near sloped faces, Similarly, the beam theory is incapable of reproducing
the stress concentration in the heel area of dams predicted by the refined analysis (Figs. 14 and 15),

and the stresses in that area are therefore underestimated.

Figures 16 and 17 show the maximum principal stresses, including the static stresses. The
simplified procedure gives conservative, but reasonable, maximum stresses, with the exception of the
heel area of dams with full reservoir. The quality of the approximation is satisfactory for the

preliminary phase in the design of new dams and in the safety evaluation of existing dams,
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considering the complicated effects of dam-water-foundation rock interactions and reservoir bottom
absorption, the number of approximations necessary to develop the simplified analysis procedure, and

noting that the results generally err on the conservative side.

CONCLUSIONS

A procedure was presented in 1978 for earthquake resistant design of new concrete gravity dams
and for the seismic safety cvaluation of existing dams (3). The procedure was based on two
performance requirements: firstly, dams should remain essentially within the elastic range of behavior
for the most intense ground shaking, expected to occur during the useful life of the structure; and
secondly, some cracking, which is limited enough that it does not impair the ability of the dam to
contain the impounded water and is economically repairable, may be permitted if the most intense

ground shaking that the seismic environment is capable of producing were to cccur.

A two-stage procedure was proposed for the analysis phase of elastic design and safety
evaluation of dams: a simplified analysis procedure in which the response due only to the
fundamental vibration mode is estimated directly from the earthquake design spectrum; and a refined
response history analysis procedure for finite element idealizations of the dam monolith, The former
was recommended for the preliminary phase of design and safety evaluation of dams and the latter
for accurately computing the dynamic response and checking the adequacy of the preliminary

evaluation (3).

At the time (1978) the dam design procedure was presented, both of these analysis procedures
included the effects of dam-water interaction and compressibility of water, but assumed rigid, non-
absorptive reservoir bottom materials and neglected the effects of dam-foundation rock interaction.
Recently (1984), the refined response history analysis procedure and computer program have been
extended to also include the absorptive effects of reservoir bottom materials and dam-foundation rock

interaction effects (8, 9). In this paper, the simplified analysis procedure has been extended to include
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these important effects so that they can now also be considered in the preliminary phase of design
and safety evaluation of dams. Also included now in the simplified procedure is a “static correction”
method to consider the response contributions of the higher vibration modes. Thus the design
procedure proposed in 1978 (3), which is conceptually still valid, should utilize the new refined and

simplified analysis procedures.
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NOTATION

The following symbols are used in this report:

E;
Fy
[ilx.y)

1)

Fe®)

M,

M,
ms(x,y)
2,(»)
p(.T,)

71T

Ry

i

integral of 2gp(¥)/wH over depth of the impounded water for H/H, =1 as listed in
Table 5;

maximum ground acceleration;

defined in Eq. 15;

velocity of pressure waves in water;

Young’s modulus of elasticity of foundation rock;
Young’s modulus of elasticity of dam concrete;
hawH?;

equivalent lateral forces acting on the dam due to fundamental vibration mode as
defined in Eq. I;

b
j f1(x,»)dx, as defined in Eq. 6;
a

equivalent lateral forces acting on dam due to higher vibration modes as defined in Eq.
14;

acceleration due to gravity;

depth of impounded water;

height of upstream face of dam;

integral defined in Eq. 7b;

defined in Eq. 12b;

integral defined in Eq. 7a;

defined in Eq. 12a;

unit mass of concrete;

hydrodynamic pressure on a rigid dam with water compressibility neglected;
Re(p v, Tk

complex-valued hydrodynamic pressure on the upstream face due to harmonic accelera-
tion of dam, at period T,, in the fundamental vibration mode;

period lengthening ratio due to foundation-rock flexibility effects;

29
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we(y)
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period lengthening ratio due to hydrodynamic effects;

T /Ty

maximum response due to the fundamental vibration mode;
maximum dynamic response;

maximum total response of dam;

maximum response due to the higher vibration modes;
response due to initial static effects;

ordinate of pseudo-acceleration response spectrum for the ground motion evaluated at
period T and damping ratio £;;

fundamental vibration period of dam on rigid foundation rock with empty reservoir
given by Eq. 10;

fundamental resonant period of dam on flexible foundation rock with impounded water
given by Eq. 4c;

4H /C, fundamental vibration period of impounded water; -

fundamental resonant period of dam on flexible foundation rock with empty reservoir
given by Eq. 4b;

fundamental resonant period of dam on rigid foundation rock with impounded water
given by Eq. 4a;

time; “

total weight of dam;

unit weight of water;

unit weight of dam;

weight of dam per unit height;

coordinate along the breadth of the dam;

coordinate along the height of the dam:;

y/H;

wave reflection coefficient for reservoir bottom materials;
Dirac delta function;

constant hysteretic damping factor for foundation rock;
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£ = damping ratio of dam on rigid foundation rock with empty reservoir;

El = damping ratio for dam on flexible foundation rock with impounded water;

£ = added damping ratio due to foundation-rock flexibility effects;

£, = added damping ratio due to hydrodynamic effects;

o(r) = fundamental vibration mode shape of dam at upstream face, i.e. ¢{(0,y); and

fundamental vibration mode of dam on rigid foundation rock with empty reservoir,
where k = x,y denotes x and y components of modal displacements, respectively.

of(x.p)
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Table 7
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TABLES

Standard Fundamental Mode Shape of Vibration for Concrete Gravity Dams

Standard Values for R, and §£,, the Period Lengthening Ratio and Added Damping Ratio
due to Hydrodynamic Effects for Modulus of Elasticity of Concrete, E; = 5 and 4.5 mil-
lion psi

Standard Values for R, and &,, the Period Lengthening Ratio and Added Damping Ratio
due to Hydrodynamic Effects for Modulus of Elasticity of Concrete, E£; = 4, 3.5, and 3
miilion psi

Standard Values for R, and &,, the Period Lengthening Ratio and Added Damping Ratio
due to Hydrodynamic Effects for Modulus of Elasticity of Concrete, E; = 2.5, 2 and 1
million psi

Standard Values for R, and £y, the Period Lengthening Ratio and Added Damping Ratio
due to Dam-Foundation Rock Interaction

Standard Values for the Hydrodynamic Pressure Function p(3) for Full Reservoir, i.e.,
H/H, = 1;a=1.00

Standard Values for the Hydrodynamic Pressure Function p(¥) for Full Reservoir, i.e.,
H/H, = 1;a=1090

Standard Values for the Hydrodynamic Pressure Function p(3) for Full Reservoir, i.e.,
H/H, = 1;a=075

Standard Values for the Hydrodynamic Pressure Function p(y) for Full Reservoir, i.e.,
H/H, = ;& =050

Standard Vatues for the Hydrodynamic Pressure Function p(j) for Full Reservoir, i.e.,
H/H, = 1;a =025

Standard Values for the Hydrodynamic Pressure Function p(3) for Full Reservoir, i.e.,
H/H, = 1; ¢ =000

Standard Values for 4,, the Hydrodynamic Force Coefficient in il; a=1

Standard Values for 4,, the Hydrodynamic Force Coefficient in I:,; a = 0.90, 0.75, 0.50,
0.25 and 0.

Standard Values for the Hydrodynamic Pressure Function p,(V)

Pine Flat Dam Analysis Cases, Simplified Procedure Parameters, and Fundamental Mode
Properties from Simplified and Refined Analysis Procedures

Equivalent Lateral Earthquake Forces on Pine Flat Dam due to S69E Component of Taft
Ground Motion

Maximum Principal Stresses (in psi) in Pine Flat Dam due to S69E Component of Taft
Ground Motion

33 Preceding page blank
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Table 1 - Standard Fundamental Mode Shape
of Vibration for Concrete Gravity Dams

y/H; ()
1.0 1.000
95 866
.90 735
.85 619
.80 .530
.75 455
.70 389
65 334
.60 284
.55 240
50 200
45 165
A0 135
.33 .108
.30 084
25 065
.20 047
15 034
.10 021
.05 010
0 0

Preceding page blank
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Table 2(a) -- Standard Values for R, and £,, the Period Lengthening Ratio

and Added Damping Ratio due to Hydrodynamic Effects

for Modulus of Elasticity of Concrete, E; = 5 and 4.5 million psi

E; = 5 million psi

E; = 4.5 million psi

H/Hs o R, & R, &
1.0 1.454 0 1.409 0
<90 1.462 .043 1416 .030
5 1.456 .060 1.412 051
1.0 .50 1.355 067 1.344 060
25 1.284 .054 1.285 .050
.0 1.261 038 1.259 .036
1.0 1.368 0 1.323 0
.90 1.376 .044 1.330 .031
J135 1.366 056 1.323 .049
.95 .50 1.255 .060 1.256 .053
25 1.208 .045 1.208 .042
0 1.192 .032 1.191 030
1.0 1.289 0 1.247 0
.90 1.297 .041 1.253 .029
75 1.284 .050 1.247 .042
.90 .50 1.181 050 1.185 044
.25 1.151 .036 1.152 .033
0 1.139 025 1.139 .023
1.0 1.215 0 1.179 0
90 1.224 .033 1.185 .023
75 1.206 .042 1.177 .034
.85 .50 1.129 .039 1.131 .033
25 1.111 027 1.109 025
0 1.100 019 1.099 .018
1.0 1.148 0 1.121 0
.90 1.156 024 £.126 .015
15 1.140 .032 1.121 .024
.80 .50 1.092 .028 1.092 024
.25 1.078 019 1.078 .018
0 1.071 014 1.071 013
1.0 1.092 0 1.078 0
.90 1.099 .014 1.080 .008
5 1.089 .021 1.078 .014
75 .50 1.065 .018 1.064 015
.25 1.055 013 1.058 012
0 1.049 .009 1.050 .009
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Table 2(a). - Continued

E, = 5 million psi

E, = 4.5 million psi

H / Hs o R, & R, &
1.0 1.055 0 1.048 0
.90 1.057 006 1.050 .003
75 1.055 011 1.050 .007
70 .50 1.045 011 1.044 009
25 1.038 .009 1.037 008
0 1.034 006 1.035 .006
1.0 1.033 0 1.031 0
90 1.034 .002 1.031 001
75 1.034 .005 1.031 .003
65 .50 1.030 006 1.029 .005
25 1.026 005 1.027 005
0 1.024 .004 1.025 004
1.0 1.020 0 1.020 0
.90 1.020 001 1.020 001
.75 1.020 002 1.020 001
.60 .50 1.019 .003 1.018 .003
.25 1.017 .003 1.018 003
0 1.016 003 1.016 .002
1.0 1.013 0 1.012 0
.90 1.013 .000 1.012 000
75 1.013 001 1.012 001
.55 .50 1.013 .002 1.012 .001
.25 1.012 002 1.012 002
0 1.011 .002 1.012 001
1.0 1.009 0 1.008 0
.90 1.009 .000 1.008 .000
75 1.009 .000 1.008 000
.50 50 1.008 .001 1.008 .001
25 1.008 .001 1.008 .001
0 1.008 .001 1.008 001
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Table 2(b) -- Standard Values for R, and £,, the Period Lengthening Ratio
and Added Damping Ratio due to Hydrodynamic Effects
for Modulus of Elasticity of Concrete, E; = 4, 3.5, and 3 million psi

E,; =4 million psi E; = 3.5 million psi E; = 3 million psi.
H/H R R, & R, & R, &
1.0 1.370 0 1.341 0 1.320 0
.90 1.374 021 1.344 013 1.319 .008
75 1.374 .040 1,341 026 1.312 021
1.0 .50 1.333 .051 1.316 .042 1.289 035
.25 1.285 .045 1.282 .040 1.264 036
0 1.259 034 1.256 .032 1.247 030
1.0 1.289 0 1.259 0 1.241 0
.90 1,292 020 1.263 012 1.240 .007
75 1,289 .038 - 1.259 027 1.233 .019
.95 .50 1.247 .045 1.238 .036 1,213 030
25 1.208 .038 1.208 .033 1.194 030
0 "1.191 028 1.188 026 1.181 025
1.0 1.214 0 1.191 0 1.176 0
.90 1.220 017 1.193 .010 1.176 .006
75 1.214 .033 1.193 .022 1.171 015
.90 .50 1.179 .037 1.174 .029 1.155 024
.25 1.152 .030 1.152 026 1.141 024
0] 1.139 022 1.136 020 1.131 019
1.0 1.152 0 1.136 0 1.126 0
.90 1.157 .013 1.139 007 1.125 .004
.75 1.155 024 1.136 016 1.122 011
.85 .50 1.129 028 1.124 .023 1.111 017
25 1.109 .022 1.109 020 1.101 017
0 1.099 017 1.099 016 1.093 .015
1.0 1.104 0 1.095 0 1.087 0
.90 1.106 .008 1.094 .004 1.087 003
75 1.106 016 1.090 .011 1.085 007
.80 .50 1.089 .019 1.080 016 1.079 012
.25 1.078 0l6 1.071 014 T 1.071 012
4] 1.071 012 1.066 .011 1.066 .011
1.0 1.070 0 1.063 0 1.059 0
90 1.069 .004 1.063 .003 1.059 002
75 1.063 .010 1.061 .006 1.058 .004
5 .50 1.056 .013 1.055 .010 1.054 007
.25 1.050 011 1.050 010 1.050 .008
0 1.046 009 1.046 008 1.046 .007
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Table 2(b) -- Continued

E; =4 million psi E; = 3.5 million psi E; =3 million psi
H/ Hs o R, & R, & R, &
1.0 1.044 0 1.041 0 1.039 0
90 1.044 002 1.041 .001 1.039 001
75 1.042 005 1.040 .003 1.038 002
10 .50 1.038 007 1.037 .006 1.036 004
25 1.034 007 1.034 006 1.034 005
0 1.031 006 1.031 005 1.031 005
1.0 1.028 0 1.026 0 1.025 0
.90 1.028 0 1.026 001 1.025 000
75 1.027 002 1.026 .002 1.025 .00
65 .50 1.025 004 1.024 003 1.024 002
.25 1.023 004 1.022 .004 1.022 003
0 1.021 004 1.021 003 1.021 .003
1.0 1.017 0 1.016 0 1.016 0
.90 1.017 000 1.016 2000 1.016 .000
T3 1.017 .001 1.016 001 1.016 .001
.60 .30 1.016 .002 1.015 .002 1.015 .001
.25 1.015 002 1.014 002 1.014 002
] 1.013 002 1.013 .002 1.013 002
1.0 1.010 0 1,010 0 1.010 0
.90 1.010 .000 1.010 000 1.010 .000
.75 1.010 001 1.010 .000 1.010 .000
.35 .50 1.010 .001 1.010 .001 1.009 001
.25 1.009 .001 1.009 .001 1.009 .001
0 1.009 .00t 1.009 001 1.009 001
1.0 1.006 0 1.006 0 1.006 0
.90 1.006 000 1.006 000 1.006 .000
75 1.006 .000 1.006 .000 - 1.006 .000
.50 .50 1.006 .001 1.006 000 1.006 000
.25 1.005 001 1.005 .001 1.005 001
0 1.005 .001 1.005 001 1.005 .001
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Table 2(c) - Standard Values for R, and £,, the Period Lengthening Ratio
and Added Damping Ratio due to Hydrodynamic Effects
for Modulus of Elasticity of Concrete, E;, = 2.5, 2 and ! million pst

E, =2.5 million psi E; =2 million psi E; =1 miilion psi
H/H; o R, & R, & R, &
1.0 1.301 0 1.286 0 1.263 0
.90 1.301 {005 1.285 .003 1.263 001
75 1.287 .014 1.284 .009 1.262 .004
1.0 - .50 1.283 025 1.275 .018 1.260 .008
25 1.264 030 1.262 .024 1.256 .013
0 1.247 027 1.247 .024 1.247 017
1.0 1.224 0 1.212 0 1.193 0
.50 1.224 0035 1.211 .003 1.193 .001L
75 1.221 012 1.210 .008 1.193 .003
95 .50 1.209 .022 1.203 015 1.191 007
25 1.194 025 1.192 .020 1.187 .011
0 1.181 022 1.181 .020 1.181 014
1.0 1.164 0 1.154 0 1.140 0
90 1.163 004 1.154 .002 1.140 001
75 1.161 .009 1,152 . 006 1.140 002
90 .50 1.152 017 1.148 012 1.13% 005
.25 1.141 020 1.140 016 1.136 .008
0 1,131 018 1.131 016 1.131 011
1.0 1.117 0 1.110 0 1.100 0
.90 1.116 .003 1.110 002 1.100 001
V15 1.115 .007 1.109 .004 1.100 002
.83 .50 1.109 .012 1.106 009 1.100 .004
25 1.101 .014 1.100 012 1.0597 .006
0 1.093 013 1.093 012 1.093 008
1.0 1.081 0 1.077 0 1.071 0
.90 1.081 .002 1.077 .001 1.071 000
75 1.080 .004 1.076 .003 1.071 .001
.80 .50 1.076 .008 1.074 006 1.070 003
25 1.071 010 1.071 .008 1.069 .005
0 1.066 .010 1.066 .008 1.066 .006
1.0 1.055 0 1.053 0 1.049 0
.90 1.055 .001 1.053 .001 1.04% 000
75 1.054 .003 1.052 002 1.049 .001
a5 .50 1.053 005 1.051 .004 1.048 002
.25 1.050 007 1.049 .005 1.048 .003
0 1.046 .007 1.046 .006 1.046 .004
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Table 2(c) - Continued

E; = 2.5 million psi E; =2 million psi E; =1 million psi
H / Hs o Rr ‘Er Rr Er Rr Er
1.0 1.037 ¢ 1.035 0 1.033 0
.90 1.037 .001 1.035 000 1.033 000
.75 1.037 .002 1.035 .001 1.033 .000
70 .50 1.035 003 1.034 .002 1.033 .001
25 1.033 004 1.033 004 1.032 002
0 1.031 .004 1.031 004 1.031 003
1.0 1.024 0 1.023 0 1.022 0
.90 1.024 000 1.023 .000 1.022 000
15 1.024 001 1.023 001 1.022 .000
.63 .50 1.023 002 1.023 001 1.022 001
25 1.022 003 1.022 .002 1.021 001
0 1.021 003 1.021 .003 1.021 002
1.0 1.016 0 1.016 0 1.014 0
.90 1.016 .000 1.016 - .000 1.014 000
.73 1.016 .001 1.016 .001 1.014 000
.60 .50 1.015 001 1.015 .001 1.014 000
.25 1.014 .002 1.014 002 1.014 .001
0 1.013 002 1.013 .002 1.013 001
1.0 1.009 0 1.009 0 1.009 0
.90 1.009 000 1.009 000 1.009 .000
75 1.009 .000 1.009 000 1.009 000
55 50 1.009 00 1.009 .000 1.009 .000
25 1.009 .001 1.009 .0 1.009 .000
0 1.009 001 1.009 001 1.009 .001
1.0 1.006 0 1.006 0 1.005 0
.90 1.006 .000 1.006 .000 1.005 2000
5 1.006 000 1.006 .000 1.005 2000
.50 50 1.006 .000 1.005 .000 1.005 .000
.25 1.005 .000 1.005 000 1.005 000
0 1.005 001 1.005 .000 1.005 2000
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Table 3 - Standard Values for R, and £/, the Period Lengthening Ratio
and Added Damping Ratio, due to Dam-Foundation Rock Interaction

Added Damping Ratio, £,

E//E, Ry 27=0.01 ny=0.10 nr=0.25 ny=0.50
5.0 1.043 015 014 019 024
45 1.048 015 016 021 026
4.0 1.054 015 018 023 030
3.5 1.062 015 020 027 034
3.0 1.071 016 024 031 039
2.5 1.083 020 028 037 046
2.0 1.099 028 035 046 057
1.5 1.129 039 047 060 073
14 1.139 042 050 063 078
1.3 1.150 044 053 068 084
1.2 1.162 047 058 073 090
1.1 1.174 050 062 079 096
1.0 1.187 054 068 086 105
0.9 1.204 060 075 094 115
0.8 1.223 068 083 104 127
0.7 1.248 077 093 116 142
0.6 1.286 088 105 131 161
0.5 1.335 103 121 151 186
0.4 1.400 117 143 178 221
0.3 1.496 145 173 217 273
0.2 1.678 186 1220 279 362
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Table 5(a) -- Standard Values for 4,, the Hydrodynamic Force Coefficient

in Ll; a=1
Value of 4,
R, for a=1
0.99 1.242
0.98 .893
0.97 .739
0.96 647
0.95 585
0.94 .539
0.93 503
0.92 474
0.90 431
0.85 364
0.80 .324
0.70 279
<0.50 237

Table 5(b) -- Standard Values for 4,, the Hydrodynamic Force Coefficient
in L,; o« = 0.90, 0.75, 0.50, 0.25 and 0

Value of 4, _

R, a=0.90 a=0.75 a=0.5 a=0.25 a=0
1.20 071 A11 159 178 181
1.10 110 A177 204 A97 186
1.05 .194 .249 229 205 .189
1.00 515 .340 252 213 191
0.95 518 378 267 219 .193
0.90 417 .361 274 224 195
0.80 322 .309 269 229 198
0.70 278 274 256 228 201
< 0.50 237 236 231 222 206
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Table 6 -- Standard Values
for the Hydrodynamic Pressure Function pq(j)

” £Po
y=y/H H
1.0 0

95 137
.90 224
85 .301
.80 362
75 418
700 465
65 .509
.60 .546
.55 .580
.50 610
45 637
40 659
.35 680
.30 696
25 J11
.20 722
A5 731
.10 737
.05 .741
0 742




.2:@&05 pegidunts woiy '3 pue | 7 01 Surpuodsaiico anfea °¢ i

51

L3y WOL
LTE0 rr1 XA 80 8vy0 890°0 | 0£0°0 | L8T°T | €171 my Siqrxay 14
18270 9T 860’ 98¢0 69¢°0 890°0 0| L81'1 01 || Adurd s[qrxay €
CIe0 9Ll 21 98¢0 LLEO - 0 | 0800 01 | €171 my prau 4
6ZF0 050’ 0g0’ L1E0 11€°0 0 0 01 o1 || Aduwe pr3u I
LLINPAO0IJ | 2IMpPa2001d | ,2Inp2o01d | 2Inpadoid
pouyey | peyndwig | psugey | pagndung | /3 £ ¢’ oo || M Yoo ase)
+m.m ur uonepune,
(13 L.I)°s 13 LI ‘spuodes Ut 31pad01d PRYHduIIg
oney surdueq ‘POTIad uonRIQIA wolj slojewese
sanadorg apoW [B1uswepun,y

$3INPad01d SISA[RUY Paulay pue payljdulg woy
sarRdord SpoJy [elUdWRPUN] pUR ‘s19]dUTIRIR] 2INPAVOIT] payrduIrg
‘sase)) SIsATRUY we(] 1e[d Auld - £ dqelL



52

611 08T | LL'8 0 6’1 97 | us 0 9L1 15T 0 0 Lsyr |0
§°01 10y | 6€L Lo §o1 €8¢ | 6€L 011 §L 89°C 76’0 120°0 Eb § OF
968 61°§ 10°9 w1 | 968 $6% | 109 SI'T 'Ll s8¢ 08'1 Lv0'0 v8e | 08
€L 59 | 65F 61T | £€L LT9 | 65V vEe 91 60°€ 08T ¥80°0 £€E | 0zl
bL'S 69°L | €T¢ $8T | #LS pEL | €TE | SEV §¢T vTE £9°¢ €10 187 | 091
£0°Y $6'8 | 81 09¢ | €0 vSe | v¥l 6+'S I'v1 £4'€ 09'¢% 070 €T | 002
857 9v'6 | 1L°0 68 | 8sT 06 | 10 6 §Tl 0S¢ 86°v 87°0 gLT | Ob2
671 0£6 | 610 | LSE | 6T 138 | 610 | 16'S €01 6€°€ 6% 6£°0 L7 | 08t
€0 s1'g | orer | ore | O1£0 stL | ooce I o61s ) svL 96T SEy €0 | 618 1743
650 IF9 | L60- | L6T | 650 €8S | L60- | €S || L9€ 89°1 08'e €40 | 8T 09¢
86'1- es | 09°1- | 8¢ | 86T Ls | 091 | T6'S 0 0 96'F 00'1 96 00F
o LY I eV N LY A A A Y A R A ! VR RC 2 R RE 2 ) @M | W
¥ 358D £ 958D T ¥seD I 958D °d3 ds »Sm ¢ M q

j00] 12d sdny ur ‘52010, [RId)e]

OOy PUNoIL) JJey jo jusuoduro)) 69§ 01 anp
we(] 18] UL U0 $9010, ayenbyiiey [eIdje] juseslnby - § S[qBL




53

"L JOY 2INP300IJ PIUGY WOLY |

‘PIPNIIXD HXe $I8SIIIS IEIS [eNIUL,

622 1% 09% &b 817 8.7 [AAS 9.7 Ty JqIxay 2
181 9z7. $8¢ 81T TLl £91 £1Z LST fydurs 2qr*ay £
Lt £iv ov¥ Iy 19 997 60¢ £9T Ty pdu T
LT 8¢ 26¢ ££E €22 LT 96T 824 fydus préu 1
Auo A[uo
jwexy | §SYUS | NASIV IpoN Jwexd | §SUS | WSV IPON
TRUSWEpUny [Rlusmepun, || I91eMm %00y AsED
UoEpUNo.]

90v,] WEIIISUMO(]

a0, weansdn

UOTIOA Punoir) el jo 1usuoduwior)y 4695 03 anp
wee] 1ep] auld ut (1sd ur) ,595s311§ Jedidpund WNUWIXeA - 6 el







Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig,

Fig.

Fig.

Fig.

Fig.

1.

2.

3.

4(a).

4(b).

4(c).

4(d).

4(e).

4(f).

4g).

4(h).

5(a).

3(b).

5(c).

5(d).

5(e).

5(f).

3(g).

- FIGURES

Dam-Water-Foundation Rock System

Distribution of Real (Re) and Imaginary (Im) Valued Components of Equivalent Lateral
Earthquake Forces on Upstream Face of a Typical Dam

Fundamental Period and Mode Shape of Vibration for Concrete Gravity Dams.
(a) Standard Period and Mode Shape. (b) Comparison of Standard Values with Proper-
ties of Six Dams.

Standard Values for R,, the Period Lengthening Ratio due to Hydrddynamic Effects;
E; = 5 million psi.

Standard Values for R,, the Period Lengthening Ratio due to Hydrodynamic Effects;
E; = 4.5 million psi.

Standard Values for R,, the Period Lengthening Ratio due to Hydrodynamic Effects;
E; = 4,0 million psi.

Standard Values for R,, the Period Lengthening Ratio due to Hydrodynamic Effects;
E; = 3.5 million psi.

Standard Values for R,, the Period Lengthening Ratio due to Hydrodynamic Effects;
E; = 3.0 million psi.

Standard Values for R,, the Period Lengthening Ratio due to Hydrodynamic Effects:
E; = 2.5 million psi. '

Standard Values for R,, the Period Lengthening Ratio due to Hydrodynamic Effects;
E; = 2.0 million psi.

Standard Values for R,, the Period Lengthening Ratio due to Hydrodynamic Effects;
E, = 1.0 million psi.

Standard Values for £,, the Added Damping Ratio due to Hydrodynamic Effects;
E,; = 5 million psi

Standard Values for &, the Added Damping Ratio due to Hydrodynamic Effects;
E; = 4.5 million psi

Standard Values for &,, the Added Damping Ratio due to Hydrodynamic Effects;
E; = 4.0 million psi.

Standard Values for £,, the Added Damping Ratio due to Hydrodynamic Effects;
E; = 3.5 million psi.

Standard Values for £,, the Added Damping Ratio due to Hydrodynamic Effects;
E; = 3.0 million psi.

Standard Values for £,, the Added Damping Ratio due to Hydrodynamic Effects;
E; = 2.5 million psi.

Standard Values for £,, the Added Damping Ratio due to Hydrodynamic Effects;
E; = 2.0 million psi
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Standard Values for £,, the Added Damping Ratio due to Hydrodynamic Effects:
E, = 1.0 million psi.

Stapdard Values for Ry, the Period Lengthening Ratio due to Dam-Foundation Rock
Intetaction

Standard Values for &;, the Added Damping Ratio due to Dam-Foundation Rock Interac-
tion

Standard Values for the Hydrodynamic Pressure Function p (i) for Full Reservoir, i.e.
H/H, =1, a=1.00.

Standard Values for the Hydrodynamic Pressure Function p(7) for Full Reservoir, i.e.
H/H, = 1;a =090

Standard Values for the Hydrodynamic Pressure Function p(§) for Full Reservoir, i.e.
H/H; = 1; ¢ = 0.75 and 0.50.

Standard Values for the Hydrodynamic Pressure Function p(#) for Full Reservoir, i.e.
H/H, = 1; a = 0.25 and 0.00,

Heightwise Distribution of Maximum Shear Force in Dams with Empty Reservoir due to
S69E Component of Taft Ground Motion

Heightwise Distribution of Maximum Bending Moment in Dams with Empty Reservoir
due to S69E Component of Taft Ground Motion

Standard Values for the Hydrodynamic Pressure Function p, ()
Tallest, Nonoverflow Monolith of Pine Flat Dam

Response Spectrum for the S69E Component of Taft Ground Motion; damping ratios =
0, 2, 5, 10 and 20 percent.

Maximum Principal Stresses (in psi} in Pine Flat Dam on Rigid Foundation Rock due to
S69E Component of Taft Ground Motion; Cases 1 and 2. Initial Static Stresses are
Excluded.

Maximum Principal Stresses (in psi) in Pine Flat Dam on Flexible Foundation Rock due
to S69E Component of Taft Ground Motion; Cases 3 and 4. Initial Static Stresses are
Excluded.

Maximum Principal Stresses (in psi) in Pine Flat Dam on Rigid Foundation Rock due to
S69E Component of Taft Ground Motion; Cases 1 and 2. Initial Static Stresses are
Included.

Maximum Principal Stresses (in psi) in Pine Flat Dam on Flexible Foundation Rock due
to S69E Component of Taft Ground Motion; Cases 3 and 4. Initial Static Stresses are
Included.
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Figure 1. Dam-Water-Foundation Rock System
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APPENDIX A: LIMITATIONS OF THE SIMPLIFIED
ANALYSIS PROCEDURE FOR DAM-WATER SYSTEMS

The equivalent SDF system that approximately represents the fundamental mode
response of dams was developed in earlier work (see Refs. 4 and 5). In particular, Ref. 4
presented a procedure for computing the vibration properties of the equivalent SDF system
for dams on rigid foundation rock including the effects of dam-water interaction and reservoir
bottom absorption. The equivalent SDF system representation was shown to be valid for

Young’s modulus of elasticity of dam concrete, E;, of 5 million psi and less (Fig. A.1).

Subsequent investigation has demonstrated that E; = 5 million psi is an upper limit for
which an equivalent SDF system can represent the fundamental mode response of dams
including the effects of dam-water interaction and reservoir bottom absorption. Furthermore,
while an equivalent SDF system adequately represents the fundamental mode response of
dam-water systems with E; = 4 to 5 million psi the simplified expression derived in Ref. 4 for
the natural vibration frequency @, of the equivalent SDF system is not reliable when reservoir
bottom absorption effects are included. This appendix describes further the limitations of the

simplified analysis procedure for dam-water systems.

Limitations of the Equivalent SDF System

The exact fundamental mode response of the standard dam monolith due to unit
harmonic horizontal ground acceleration is presented in Figs. A.2 and A.10 for E; = 6 million
psi and various values of the wave reflection coefficient, «, for the reservoir bottom materials
and depth ratio, H/H,, of the impounded water. The absolute value of the displacement at
the dam crest was evaluated by Eqs. 1 and 6 in Ref, 4. For H/H, = 0.75 and « = 0,90, the
response functions exhibit two resonant peaks (Figs. A.2 to A.4). The peak at the lower
excitation frequency has a larger magnitude than the second peak at the higher frequency.
This phenomenon, described in Ref. 10, is due to interaction between the compressible water
and stiff dam. Also described in Ref. 10 was the observation that for « < 0.50 the added

damping associated with reservoir bottom absorption results in the two resonant peaks

91
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coalescing into a single resonant peak at an intermediate frequency value (sec. Figs. A.8 to
A.10). Thus the response function exhibits one dominant resonant peak if the response
bottom materials are highly absorptive (a < 0.50) or close to nonabsorptive (a =0.90).
Because the equivalent SDF system can satisfactorily approximate only a single resonant peak
(Fig. A.1), it is effective in representing the dam response fox_' a = 0.90 and o < 0.50 when E;
= 6.0 million psi.

However, the response functions in Figs. A.5 to A.7 show that dam-water systems with
an intermediate absorptiveness of the reservoir bottom materials, 0.50 < « < 0.90, do not
have a well-defined resonant peak. This is particularly true in the case of « = 0.75 for H/H,
between 0.85 and 1.0, where the frequency response function shows nearly flat response over
a wide range of excitation frequencies. Clearly the representation of this broad-bandwidth

response function by a SDF system is prone to substantial error.

Limitations of the Approximate Expression for R,

The period lengthening ratio R, is defined as f",/ T, where f", = 2x/&,, the natural
vibration period of the equivalent SDF system representing the fundamental mode response
of the dam with impounded water, and T, is the fundamental vibration period of the dam
with empty reservoir. In the simplified procedure, an approximate value for @, is determined

from Eq. 18 of Ref. 4,

In preparation of this report, it was discovered that this approximate expression for &,
is not reliable for dams with E; greater than 4 million psi. The assumption behind the
expression is that the resonant frequency of the dam-water system is approximately the
excitation frequency that makes the real-valued component of the denominator in the exact
fundamental mode response function zero. This is a good approximation except for relatively
stiff dams, where reservoir bottom absorption may reduce the added hydrodynamic mass to
such an extent that the reai-valued component of the denominator does not equal zero in the

excitation frequency range of interest. For such cases, the resonant frequency should be
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determined directly from the exact fundamental mode response function, as opposed to the
approximate procedure that seeks to find a zero of the real-valued component in the
denominator of the response function. Once the resonant frequency is determined, the added
hydrodynamic damping ratio £ can be evaluated, as before, by Eq. 20 in Ref. 4. This
improved procedure was followed for computing the standard values presented in this report
for the period lengthening ratio, R,, and added hydrodynamic ratio, ., for dams with E; =
5.0 and 4.5 million psi, and all H/H; values; E; = 4.0 million psi with H/H,; > 0.80; and E;
= 3.5 million psi with H/H; = 0.85. The data for other values of E; and H/H; were

generated by the approximate expression presented in Ref. 4.

Comments on Added Hydrodynamic Damping

Figures A.2 to A.10 show how the frequency response functions of dams vary with the
depth of impounded water; these results have not been presented earlier. It is apparent that
the resonant frequency of a dam-water system decreases with increasing water depth because
of the increasing added hydrodynamic mass (4). The variation of the resonant response
magnitude with water depth depends on the effective damping of the dam-water system which
is affected by the absorptiveness of the reservoir bottom materials. As shown in Figs. A.2 to
A.4, for essentially non-absorptive reservoir bottom materials (a = 0.90), the resonant
response magnitude does not increase monotonically with increasing water depth (except for «
= 1.0). On the other hand, Figs. A.S to A.10 show that, for highly absorptive reservoir
bottom materials (@ < 0.5), the resonant response magnitude decreases with increasing water
depth. In the intermediate range of reservoir bottom absorptiveness (0.5 < o < 0.9), the
magnitude of the resonant peak is not very sensitive to the water depth for reservoirs at least

three-quarters full (Figs. A.5 to A.7).

The trend in resonant response magnitude can be explained in terms of the overall
damping of the dam-water system. There are two sources of damping in the system: damping

of the dam alone, and hydrodynamic damping due to propagation of hydrodynamic pressure
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waves upstream and refraction into the absorptive reservoir bottom materials (4). The
combination of opposing trends in the two contributions to effective damping ratio determine
the variation of the resonant response magnitude with depth of the impounded water. As the
water depth increases, the effectiveness of the structural damping decreases (3,4), tending to
increase the resonant response, but the added hydrodynamic damping ratio generally
increases, tending to decrease the resonant response. The increase in the added
hydrodynamic damping depends on the absorptiveness of the reservoir bottom materials. For
relatively absorptive reservoir bottom materials, the added hydrodynamic damping ratio is
greater than the reduction in the effective structural damping, so the overall damping ratio
increases as the water depth increases (Figs. A.8 to A.10). The variation with water depth is
not as straightforward for relatively non-absorptive reservoir bottom materials, in that the
added hydrodynamic damping ratio may increase with water depth and then decrease slightly
for 0.90 < H/H, < 1.0. This latter trend develops because with a nearly full reservoir the
resonant frequency of a stiff dam is reduced far enough below «], the fundamental resonant
frequency of the impounded water alone, that the added hydrodynamic damping is due
mainly to refraction of pressure waves into the relatively non-absorptive reservoir bottom
materials, thus limiting the energy radiation. As the water depth decreases below
H/H; = 0.90, the fundamental resonant frequency shifts closer to wj, thus allowing more
radiation of energy by propagation of pressure wavés upstream. This phenomenon, which is
pronounced for E; = 6 million psi, further explains the rather complicated looking variation
of the added hydrodynamic damping ratio presented in Refs. 4 and 5 and in Fig. 5 of this

report for other values of E;.
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APPENDIX B: RESPONSE CONTRIBUTIONS OF HIGHER VIBRATION MODES

Dams with Empty Reservoir
The maximum earthquake effects associated with the contribution of the nth mode of dam
vibration to the response of the dam can be represented by equivalent lateral forces (2)

fn ) = m(y) 6, () 3 ¥, (B.1)

in which ?,, is the maximum value of ¥,,(¢) which is governed by the nth modal equation

. . L
Yy + 2% 0, ¥y +w2Y, = - —M" ag(t) (B.2)
n

In Egs. B.1 and B.2, the mass per unit height of the dam m.(y) = w,(¥)/g; w, and ¢,(y) are the
natural frequency and the horizontal component of the shape of the nth mode of vibration; ¢, is the
damping ratio for this mode; ag(7) is the ground acceleration; the generalized mass M,, and the gen-

eralized earthquake force coefficient L, are:

H,

M, = 1[ms(y)ct»,%’(y)a’y (B.3a)
HI

L, = ‘[ my(y) da(v) dy (B.3b)

Just as in the case of multistory buildings (14), soil-structure interaction effects may be neglected
in a simplified procedure to compute the contributions of the higher vibration modes in the earth-

quake response of dams. Therefore these interaction effects have not been included in Egs. B.1-B.3.

Because the periods of the higher vibration modes of concrete gravity dams are very short, an
approximation to Y,(t) is given by a “stati¢” solution of Eq. B.2, i.e., by dropping the inertial and

damping terms;

2 Ln
wp¥plt) = - M ag(l); n =273 - (B.4)
n

Thus, ¥,, the maximum value of ¥, (¢), is given by
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wi¥, = a, (B.5)

where a, is the maximum ground acceleration. Substitution of Eq. B.5 in Eq. B.1 gives

fa ) = M: m, (¥) ¢, () @ (B.6)

This is the “static correction” method for representing the contributions of higher vibration modes (1,
12).
Alternatively we could start with the expression for the maximum equivalent lateral forces in

terms of the earthquake response spectrum (2):

fa ) = ;}— San 5 ) $n ) (B.7)

in which S,, = S;(T, £,) is the ordinate of the pseudo-acceleration response spectrum for the ground
motion evaluated at the nth mode vibration period T, = 2x/w, and damping ratio £,. Because the
periods of the higher vibration modes of concrete gravity dams are very short, the corresponding ordi-
nates of the pseudo-acceleration response spectrum will be essentially equal to the maximum ground
acceleration, i.e. Sy, .= a,. With little dynamic amplification, the higher vibration modes respond

essentially in a *‘static™ manner leading to:

L, _
Jon ) = M, mg (¥) éx (¥) dg (B.8)

which is the same as Eq. B.6, but for the negative sign which had been dropped in Eq. B.7 (2).

Thus the maximum response in each higher vibration mode is attained at the same instant of
time, when the ground acceleration attains its maximum value @,. Based on this implication of the

“static correction” concept, the maximum earthquake effects associated with all vibration modes

oo
higher than the fundamental are given by the equivalent lateral forces f.(y) = 2, f,(y) which upon
n=2

substitution of Eq. B.6 gives

o0 L"
fsc ¥y = - 2

Py 7s my (V) ¢y (V) ay (B.9)
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The deformation response of a dam to ground acceleration g, () will be identical to the response
of the structure on fixed base subjected to external forces equal to mass per unit height times thé
ground acceleration, acting opposite to the sense of ground acceleration. As shown in Ref. 2, the
ground motion can therefore be replaced by effective forces = — m (y) ag(z). Corresponding to the
maximum ground acceleration these forces are — m;(y) @, which can be expressed as the summation

of modal contributions:

_ - Ln _
-my ()G = - 2‘,1 M 06 0) G (B.10)
. n=
which can be utilized to rewrite Eq. B.9 as
fe) = —Lwmor [1- - w03 (B.11)
5C g 5 M1 £ .

Because the direction of the lateral earthquake forces is reversible, the sign of f.(y) is not relevant,
Dropping the negative sign in Eq. B.11 and replacing ¢,(y) by ¢(y) and @, by a,, for convenience of

-notation, leads to Eq. 13,

Dams with Impounded Water

The effects of dam-water interaction can be interpreted as introducing an added force and modi-
fying the properties of the dam by an added mass and an added damping, which result in a
modification of Eq. B.2 (10). Because the inertial and damping terms are dropped from Eq. B.2 in
the “static correction” method of obfaining higher mode response, only the added hydrodynamic
force (or pressure) — p,(v)ag(t) need be considered in representing hydrodynamic effects in Eq. B.2.
Thus Eq. B.5 becomes

H

Y, = o, ! dy |a, B.12
ai¥o = — 13t a [P OV G0 |G (B.12)

in which p,(v) is a real-valued, frequency-independent function describing the hydrodynamic pressure

on a rigid dam, undergoing unit acceleration, with water compressibility neglected.
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Substitution of Eq. B.12 into Eq. B.1 and summation over all vibration modes higher than the

fundamental gives

, ~ oo Ln . _ o0 Bn _
fsc (.1) = _5232 Mn g (,V)d-’n ()’)ﬂg _n§2 Mn M (.V)d’n (y)ag (Bl3)
in which
H
m=£%mm@m) (B.14)

Representing the maximum value of the added hydrodynamic pressure as a summation of modal con-

tributions leads to

B,
M,

-2 ) a, = - 2[ mg () by () a, (B.15)

Equations B.10 and B.15 can be utilized to rewrite Eq. B.13 as
few = -t [i- 2t am] +mor- S am]la @6
; g M, M, _ ¢

As before, dropping the negative sign in Eq. B.16 and replacing ¢,(v) by () and d, by ag leads to
Eq. 14.

For reasons mentioned earlier in this Appendix, dam-foundation rock interaction effects are

neglected in the simplified analysis of higher mode response; thus Eq. B.16 is still applicable.



APPENDIX C: DETAILED CALCULATIONS FOR PINE FLAT DAM

This appendix presents the detailed calculations required in the simplified analysis procedure as
applied to the tallest, nonoverflow monolith of Pine Flat Dam. The simplified procedure is directly
applicable because the upstream face of the dam is nearly vertical and the tail water effects are
neglected. All computations are performed for a unit width of the dam monolith. Only the details

for Case 4 in Table 7 (full reservoir and flexible foundation rock) are presented.

Simplified Model of Monolith

The tallest, nonoverflow monolith of Pine Flat Dam is divided into ten blocks of equal height.
Using a unit weight of 155 pcf for the concrete, the properties of the blocks are presented in Table
C.1, from which the total weight is 9486 kips. Replacing the integrals in Eq. 7 by summations over

the blocks gives:

10
My = L 3w 00 = L (500 kip) (€.1)
g iny g |
18 1 .
Ly = 7 2 Wi ) = - (1390 kip) (C.2)

where w; and y; are the weight of block { and the elevation of its centroid, respectively. Additional

properties of the simplified model are listed in Table C.2.

Equivalent Lateral Forces -- Fundamental Mode

The equivalent lateral earthquake forces f{y) are given by Eq. 8, evaluated at each level using
S,(T1, £)/g = 0.327 (from Table 7) and L,/M,; = 3.41 (from step 8 in the simplified procedure).

The calculations are summarized in Table C.3.
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Stress Computation -- Fundamental Mode

The equivalent lateral earthquake forces f,{y) consist of forces associated with the mass of the
dam (the first term Qf Eq. 8) and the hydrodynamic pressure at the upstream face (the second term).
For the purpose of computing bending stresses in the monolith, the forces associated with the mass
are applied at the centroids of the blocks. The forces due to the hydrodynamic pressure are applied
as a linearly distributed load to the upstream face of each block. Due to these two sets of lateral
forces (Table C.3), the resultant bending moments in the monolith are computed at each level from
the equations of equilibrium. The normal bending stresses are obtained from elementary beam
theory. A computer program (described in Appendix D) was developed for computation of the nor-
mal bending stresses in a dam monolith due to equivalent lateral earthquake forces. Using this pro-
cedure, the normal bending stresses o,; at the two faces of Pine Flat Dam associated with the funda-
mental vibration mode response of the dam to the S69E component of Taft ground motion were com-

puted (Table C.4).

The maximum principal stresses at the upstream and downstream faces due to the fundamental
vibration mode response can be computed from the normal bending stresses o,; by an appropriate
transformation (see Ref, 13, Figs. 4-2 and 4-3, pp. 41-42):

51 = oy 5ec + py tan’d (C.3)

where 6 is the angle of the face with respect to the vertical. Because no tail water is included in the
analysis, the hydrodynamic pressure p; = 0 for the downstream face. At the upstream face the hydro-

dynamic pressure p, is given by the second term of Eq, 8:

~

L o .
Piy) = M—‘Sa(rl,sl)p(y,rr) (C.4)
1

which was computed in Steps 1-9 of the simplified procedure. For the upstream face of Pine Flat
Dam, # = 0° near the top and § = 2.86° at lower elevations. For such small values of 8, the second

term in Eq. C.3 turns out to be negligible.

The maximum principal stresses o, due to the fundamental vibration mode response are given

in Table C.5. Note that Eq. C.3 is evaluated at each level with 6 for the block above that level.



111

Equivalent Lateral Forces -- Higher Vibration Modes

The equivalent lateral earthquake forces f,.(y) due to the higher vibration modes are given by
Eq. 14, evaluated at each level using the maximum ground acceleration for the S69E component of
the Taft Ground motion g, = 0.18 g, and L /M, = 2.78 and B|/M, = 0.425. The results are sum-
marized in Table C.6. The calculation of bending moments due to the higher vibration modes is

similar to the moment calculations for the fundamental vibration mode, as described previously.

Stress Computation -- Higher Vibration Modes

The normal bending stresses at the faces of the monolith due to the equivalent lateral earth-
quake forces f,.(y) are computed by the procedure described above for stresses due to forces f,(y).
The resulting normal bending stresses o, ;. presented in Table C.7 are due to the response contribu-

tions of the higher vibration modes.

The maximum principal stresses at the upstream and downstream faces due to the higher vibra-
tion modes can be computed from the normal bending stresses o, . by a transformation similar to

Eq. C.3:
Osc = Opse Seczﬂ + Pse tan’g (C.5)

Because no tail water is included in the analysis, the hydrodynamic pressure p,. = 0 for the down-
stream face. At the upstream face the hydrodynamic pressure p,. is given by the second term of Eq.

14:

_ B (3
Pse(y) = gp(¥)- M, ws(y) (¥} g (C.6)

which was computed in step 11 of the simplified procedure. However, the contribution of the second
term in Eq. C.5 is negligible because, as mentioned earlier, @ is very small. The maximum principal

stresses o, due to the response contributions of the higher vibration modes are given in Table C.8.
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Initial Static Stresses

The maximum principal stresses at the upstream and downstream faces due to the initial forces
on the dam -- self weight, hydrostatic pressure, thermal effects, etc. -- can be computed from the nor-
mal stresses o, 5, which include the effects of direct forces, and a transformation similar to Egs. 35

and 37:
oy = Oy Sec?d + py tan’f (C.7

Because no tail water is included in the example analysis, the hydrostatic pressure p, = 0 for the
downstream face. At the upstream face, the hydrostatic pressure p,(y) = w(H ~y). However, the
contribution of the second term in Eq. C.7 is negligible because, as mentioned earlier, # is very small
for the upstream face. The maximum principal stresses oy due to the self weight of the dam and

hydrostatic pressure are given in Table C.9.

Response Combination: Maximum Principal Stresses

The SRSS or ABSUM combination rules (Egs. 16-17) are applicable to the computation of any
response quantity that is proportional to the generalized modal coordinate responses. Thus these
combination rules are generally inappropriate to determine the principal stresses. However, as shown
in the preceding sections, the second terms in Egs. C.3, C.5 and C.7 are negligible in the analysis of
* Pine Flat Dam. Such would be the case for most gravity dams because the upstream face is usually
almost vertical and the effects of tail water at the downstream face are small. Thus, the principal
stresses in Eqs. C.3 and C.5 become proportional to the corresponding normal bending stresses (and
hence to the modal coordinates) with the same proportionality constant sec?s. In this situation, the

combination rules obviously apply to the principal stresses.

The maximum principal stresses o; due 10 the fundamental vibration mode (Table C.5) and o,
due to the higher vibration modes (Table C.8) are combined by the SRSS rule (Eq. 16) to obtain an
estimate of the dynamic stress ¢;. The results at various levels in the dam are shown in Table C.9

and in Case 4 of Fig. 15.
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The stresses o at the faces of the monolith due to the initial static loads (weight of the dam
and hydrostatic pressure), computed using elementary beam theory, are also shown in Table C.9. The
total stresses, obtained by combining the static and dynamic stresses according to Eq. 18, are

presented in Table C.9 and in Case 4 of Fig. 17.
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Table C.2 - Additional Properties of the Simplified Model

Elevation | Width | Weight per Unit Section
y M |Height w, = 0.155b|Modulus § = 1/6 53
Level (ft) (ft) (k/ft) (ft)
Top 400 320 4.96 1701
1 360 334 5.18 185.9
2 320 52.8 8.19 464.6
3 280 81.9 12.7 1,118
4 240 115.1 17.8 2,209
5 200 148.3 23.0 3,666
6 160 181.5 28.1 5,492
7 120 214.7 333 7,684
8 80 247.9 38.4 10,240
9 40 281.1 43.6 13,170
10 0 314.3 48.7 16,470

(DFrom Figure in Table C.1.
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Table C.3 - Equivalent Lateral Earthquake Forces -- Fundamental Vibration Mode

3

W | Y. (2 Y | 8P {4
y | ws H ¢ Wso |\ T | WH gr | [1(y)
Level || (f) | (k/ft) (k/ft) ®fy | wh)
Top || 400 | 496 | 1.00 | 1.00 { 496 | 1.05| © 0 5.52

1 360 [ 5.18 | 0.90 | 0.73 | 3.80 | 0.94 | 0.079 1.68 6.11
2 320 | 8.19 | 0.80 | 0.33 435 | 084} 0.137 | 296 8.15
3 280 | 12,7 | 0.70 | 0.39 495 | 0.73 | 0.159 | 3.39 9.30
4 240 | 17.8 | 0.60 | 0.28 498 | 0.63 | 0.163 | 3.50 9.46

5 200 | 23.0 | 050 | 0.20 460 | 0.52| 0.159 3.43 8.95

6 160 | 28.1 0.40 | 0.13 3.65 1 042 | 0.150 '3.24 7.69
7 120 | 33.3 | 030 | 0.084 | 2.80 | 0.31 | 0.144 | 3.09 6.57
8 80 | 384 | 020 | 0.047 | 1.80 { 0.21 | 0.132 | 2.85 5.19
9 40 | 436 1010 | 0.021 | 092 | 0.10 | 0.125 | 2.68 4.01

i0 0487 | 0 0 0 0 0.117 | 2.51 2.80

1) From Table C.2

@ From Fig. 3 or Table 1

G} From step 6, by linearly interpolatng the data of Fig. 8 or Table 4.
) From Eq. 8.
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Table C.4 - Normal Bending Stresses -- Fundamental Mode

Section‘? Bending Bending Stress
Modulus Moment at Faces
Level (ft3) (k-ft) (psi)
Top 170.1 0 0
1 185.9 3,998 149
2 464.6 17,800 266
3 1,118 44,420 276
4 2,209 85,730 270
5 3,666 142,000 269
6 5,492 212,700 269
7 7,684 295,700 267
8 10,240 389,000 264
9 13,170 491,000 259
10 16,470 600,000 253

() From Table C.2
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Table C.5 - Maximum Principal Stresses -- Fundamental Mode

Upstream Face Downstream Face
Bending Stress Max. Max.
at Faces'! Principal Principal
¢ | Stress, ¢y, | 0@ | Stress, oy,
Level (psi) ") (psi) () (psi)
Top 0 0 0 0 0
1 149 0 149 2.06 149
2 266 1.09 266 25.2 324
3 276 2.86 276 34.4 403
4 270 2.86 270 38.0 434
5 269 2.86 269 38.0 433
6 269 2.86 269 38.0 433
7 267 2.86 267 38.0 429
8 264 2,86 264 38.0 425
9 259 2.86 259 38.0 417
10 253 2.86 253 38.0 407

(1) From Table C.4 with sign neglected

@) g is for the block above each level
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Table C.7 - Normal Bending Stresses -- Higher Vibration Modes

Sectiont! Bending Normal Bending
Modulus Moment Stress at Faces
Level (fty’ (k-ft) (psi)
Top 170.1 0 0

1 185.9 -1,239 -46

2 464.6 -3,736 -56

3 1,118 -5,764 -36

4 2,209 -5,713 -18

5 3,666 -1,584 -3

6 5,492 9,024 11

7 7,684 28,680 26

8 10,240 60,000 41

9 13,170 105,600 56

10 16,470 168,000 71

() From Table C.2
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Table C.8 - Maximum Principal Stresses -- Higher Vibration Modes

Upstream Face Downstream Face
Bending Max., Max.
Stress at Faces(!) Principal Principal
9@ | Stress, oy, | 8@ | Stress, oy,
Level (psi) (*) {psi) ") (psi)
Top 0 0 ] 0 0
1 46 0 46 2.06 46
2 56 1.09 56 25.2 68
3 36 2.86 36 34.4 53
4 18 2.86 13 38.0 29
5 3 2.86 3 38.0 5
6 11 2.86 11 38.0 18
7 26 2.86 26 38,0 42
8 4] 2.86 41 38.0 66
9 56 2.86 36 38.0 90
i0 71 2.86 71 38.0 114

() From Table C.7, with sign neglected

@) 4 is for the block above each level
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APPENDIX D: COMPUTER PROGRAM FOR STRESS COMPUTATION

This appendix describes a computer program for computing the stresses in a dam
monolith using the resulis of the step-by-step simplified analysis proéedure presented in this
report. The program computes the bending stresses due to the equivalent lateral forces, f(y)
and f..(y), representing the maximum effects of the fundamental and higher vibration modes
of the dam, respectively. The program also computes the direct and bending stresses due to
the self-weight of the dam and hydrostatic pressure. Transformation to principal stresses and

combination of stresses due to the three load cases are not performed.

The program is written in FORTRAN 77 for interactive execution.

Simplified Model of Dam Monolith

A dam monolith is modeled as a series of blocks, numbered sequentially from the base
to the crest. Increasing the number of blocks increases the accuracy of the computed stresses.
The free surface of the impounded water may be at any elevation. The elevation of the
reservoir bottom must be equal to the elevation of a block bottom. Figure D.l shows the

features of the simplified block model.

Program Input

The program queries the user for all input data, which are entered free-format. The
program assumes that the unit of length is feet, the unit of force and weight is kip, the unit of

acceleration is g’s, and the unit of stress is psi. The input data are as follows:
I. N, the number of blocks in the simpliﬁed model.
2. The default unit weight of concrete in the dam.

3.  For the bottom of each block i, the x-coordinate 1; at the upstream face, the x-
coordinate d; at the downstream face, the elevation, and the unit weight of concrete in

the block (enter zero if default unit weight).
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The x-coordinates of the upstream and downstream faces and the elevation of the dam

crest.

An alternate value for the ratio L /M, if desired, where M, and L, are the generalized
mass and earthquake force coeflicient for the dam on rigid foundation rock with empty
reservoir (Eq. 7). If not specified, the value of L,/M, computed from the block model

(as in steps 7 and 8 of the step-by-step procedure) is used.

The remaining data are entered for each case:

10.

11,

The elevations of the free surface of water and reservoir botiom,

The ordinates of the hydrodynamic pressure function, gp/wH, at the y/H values

indicated. The ordinates are obtained from Step 6 of the step-by-step procedure.

The pseudo-acceleration ordinate of the earthquake design spectrum evaluated at the
fundamental vibration period and damping ratio of the dam as evaluated in Step 9 of

the step-by-step procedure.

The ratio L 1/M 1, where M  and I:l = generalized mass and earthquake force coefficient
including hydrodynamic effects determined in Steps 7 and 8 of the step-by-step
procedurer. This ratio reduces to L /M, for dam with empty reservoir.

An alternate value of B /M, if desired. If not specified the value computed in Step 11

of the step-by-step procedure is used.

The maximum ground acceleration of the design earthquake.

Computed Response

The program computes the vertical, normal stresses at the bottom of ecach block at the

upstream and downstream faces based on simple beam theory. Stresses are computed for

three loading cases: (1) static forces (self-weight of the dam and hydrostatic pressure); (2)

equivalent lateral forces associated with the fundamental vibration mode; and (3) the

equivalent lateral forces associated with the higher vibration modes. The unit of stress is
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pounds per square inch,

Example
The use of the computer program in the stress compuiation for Pine Flat Dam, detailed
in Appendix C, is illustrated in the listing shown next wherein the computed vertical, normal

stresses due to the three loading cases are also presented,
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ENTER CTHE NUMEBEFR OF BLOCKS IN THE DaM: 10

ENTER THE DEFALULT UNLET WELGHT: 0,155

DXL, XEL,Y, AND UNIT WELGHT OF BLOCK NG. 1. 0,3814.82,0,0
XL,XE,Y, AND UNET WEIGHT aF BlL.OCK NO,. 2 2,283.12,40,0
ENTER X1,X&,Y, AND UNIT WEIGHT OF BLOCK ND. 8: 4,251.92,80,0
ENTER X1 ,XE,Y, AND UNIT WEIGHT OF BLOCK NO. #4: &,380.72,120,0
ENTER X1, X2,Y, AND UNIT WELIGHT OF BLOCK NO. H: 8,1689.52,160,0
ENTER X1 ,X2,Y, AND UNIT WELIGHT OF BZLOCK NO. 10,158 . 82,200,0
ETER XL, XA ,Y, aND UNET WEIGHT OF BLOCK NGO. 12,187 12,240 ,0
ENTER XL ,XE,Y, AND UNIT WEIGHT GF BLOCK NQ. 14,95 .98 ,880,0
ENTER X1 ,X2,Y, AND UNIT WETGHT OF BLOCK NO, 16,68.82,320,0
EENTER XL, XE,Y, AND UNLT WEIGHT OF BLOCK NC. 2 16.75,50.172,860,0

GG~

’
’
ENTER X1, X2 AN Y AT THE CREST: 16.75,48 . 75,400

PROPERTIES OF THE DAM

BLOCK  CENTROID WE T GHT
ELEY .

10 ary . ans. 205,808
@ au8 . 500 267 B850
3 298560 417 . 694
7 2H8 a7 6HLO . 834
& Al 160 8l é&. 664
¥ 17w, 8389 10830 . 504
< 139 A0, LEEE, B4
7 KA YL 1434 184
a2 B BEm 1&40 . 024
1 19 . &8 1845 864

‘;486 LG
7 FUNDAMENTAL, VEBRATEION PROPERTIES OF THE .DﬁM
LA = 1889, 695 Ml = 499,738
THE FACTOR LLL/7ML 16 = 278l

ENTER AN ALTERNATE VUaALUE FOR L1L/ML:0

DO YOL WANT TO C(JN'I"INlJE'!' (Qu=YES , 1=NQ) : 0




ENTER

kN 'i'li’:ﬁ R ELEVATION OF

BLOGCK

FLEVATION

10
@
&
7
&
S
4
&8
#

1

STATIC

U TREAM

o

AL RLT
TR BHY
38, 050
94, TR

=106 . A48
-39 . 295
] EB.116

1 AT HEO

LGB,

Ta9

~178. 8218

FREE -

HTRES

FACE

& tunr rees ervn anne e
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ENTER THE HYDRODYNAMIC PRESSURE

FLUNDA&MENTAL.

ENTER

ERHTER

ENTER

ENTER

ENTER

EpTE R

ENTER

ENTER

ENTER

ENTER

VIBRATION MODE

THE

THIE

THE

THIE

THIE

THIE

THE

THE

THE:

T

FIRES SLIRE

FRES SURE

PRES SURE

FRES SURE

PRES SURE

FHRIZS SHUIRE

RFRES SURE

PRIEES SURE

PRESSURE

FRE S HLUIRE

QF

QRDINATE

QRDINATE

QRDINATIE

ORDINATE

GRDINATE

ORDINATE

ORDINATIE

ORDINATE

ORDINATE

ORDINATE

SUREF ACE

DOWNSTREAM

A
2,
R
s 8 t?

114,

141, .

~1 68

196 .

—RES .

B0

(RN
THE D&M

asi

RESERVOLR BOTTOM: O

TN DaM

FaCE

D&R
.87e
Sl
. 860
771
&30
L8635
191
509
.TET

THE

FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR

F.OR

Y/IH =

Y/

YIH

YIH =

Y/H ==

Y/ o=

YIH

Y/ =

YIH

Y/H

LRL0:

L1005

L0000

ENTER THE PSUEDO-ACCELERATION GRDINATE IN G: 0.327

Q7Y

k87

159

. L63

L3159

150

. 144

B R 4

128

LT



129

ENTER LLCTILRDEDY /AMLITILDEDY FaCYOR: 3.4

FUNDAMENTAL, MODE STRESSES IN DAM

ExL. K JESTREAM FACE  DOWNSTREAM

F A

10 149 455 —~LA9 . &H05
@ £66.7885 266 . TBH
(24 AT6.513 ~E876.513
7 270.140 -270.140
& 2ED.TRE ~R6Y . TG
B 269 . A47 ~269 . 44T
< B&T.707 867 .T07
K: 264, 298 —2 &4 | 298
2 2598370 -25%9.370
1 258,238 R 1o B K

THE FACTOR BL/ML T5 = . AEE
ENTER AN ALTERNATE VUALUE FOR BEL/ML.0

ENTER MAX. GHOUND ACCELERATION IN G: 0.18
MIGHER MODE $STRESSES IN DAM

EL.OGK URSTREAM FaCE DOWNSTREAM FAaCE

10 4G . R0 A . B90
4 2% . 847 n% . 847
a -33.803 25 .803
7 LT P08 17908
& - PEN £2.785
3 1L, 409 L1 .409
< 25 .947 —~8% . 9LT
3 A0 . 693 k] [ I A
=l LH . 697 «3%. 697
1 70.840 -70.840

DO YO WANT 10 CONTINUET (0=YES , L=NCG) 1L
Svap - Frogram verminated.
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. A COMPUTER PROGRAM TO PERFORM A SIMPLIED STRESS ANALYSIS
OF CONCRETE GRAVITY DAMS DUE TO EARTHQUAXES
INCLUDING THE EFFECTS OF DAM-WATER INTERACTION,
DAM-FOUNDATION ROCK INTERACTION, AND RESERVOIR BOTTOM ABSORPTION

GREGORY FENVES
THE UNIVERSITY OF TEXAS AT AUSTIN

VERSION 1.0
JANUARY 1985
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CALL SIMPL

STOP

END

SUBROUTINE SIMPL

MAIN SUBPROGRAM -- CONTROL THE EXECUTION OF THE PROGRAM
DIMENSION BLOCKS(5,21),PRESS(21),WEIGHT(20),STRSTA(2,20),
1 STRWGT(2,20),STRDUM(2,20), STRFUN(2,20),
-2 STRDYN(2,20),STRCOR(2,20),STRWCR(Z, 20)

DIMENSION PARTFC(3)
CHARACTER*40 TITSTA,TITFUN,TITCOR

DATA TITSTA/® STATIC STRESSES IN DAM '/,
1 TITFUN/® FUNDAMENTAL, MODE STRESSES IN DAM '/,
2 TITCOR/' HIGHER MODE STRESSES IN DAM t/

THESE DATA STATEMENTS, AND THE FIRST DIMENSION STATEMENT,
DETERMINE THE MAXIMUM NUMBER OF BLOCKS THAT MAY BE USED

DATA NMAX/20/
THIS DATA STATEMENT CONTAINS UNIT-DEPENDENT CONSTANTS
DATA GAMMA/0.0624/,STRCON/O.144/
READ THE PROPERTIES OF THE BLOCKS, COMPUTE OTHER BLOCK
PROPERTIES, AND COMPUTE THE STATIC STRESSES DUE TO THE
WEIGHT AND EFFECTIVE EARTHQUAKE FORCE

CALL DAMPRP (BLOCKS,NBLOCK,NMAX,WEIGHT,STRWGT,
1 STRWCR, STRFUN, PARTFC)

TEST TO CONTINUE WITH EXECUTION OF PROGRAM
10 WRITE (*,99)

READ (¥*,%) I
IF (I.NE.O0) GO TO 20
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READ IN PROPERTIES OF THE IMPOUNDED WATER
AND COMPUTE STRESSES DUE TO HYDROSTATIC PRESSURE

CALL REDWAT (H,HB)

CALL DAMSTA (BLOCKS,NBLOCK,GAMMA,H,HB,PRESS,STRDUM)
STRFAC = 1.0/STRCON

CALL COMSTA (NBLOCK,STRWGT,STRDUM,STRSTA,STRFAC,TITSTA)

COMPUTE THE DYNAMIC STRESSES DUE TO THE FUNDAMENTAL
MODE SHAPE

CALL DAMDYN (BLOCKS,NBLOCK,GAMMA,H,HB,PRESS,STRDUM)
WRITE (*,97)

READ (%,%) SA

STRFAC = SA/STRCON

WRITE (*,95)

READ (*,%) SA

STRFAC = STRFAC*SA

CALL COMSTA (NBLOCK,STRFUN,STRDUM,STRDYN, STRFAC,TITFUN)

COMPUTE THE HIGHER MODE STRESSES

CALL DAMCOR (BLOCKS,NBLOCK,GAMMA,H,HB,PARTFC(2),STRFUN,
1 PRESS, STRDUM)

WRITE (%*,94)

READ (*,%) SA

STRFAC = SA/STRCON

CALL COMSTA (NBLOCK,STRWCR,STRDUM,STRCOR,STRFAC, TITCOR)
GO TO 10

RETURN

FORMAT (/////' DO YOU WANT TO CONTINUE? {0=YES,1=NO):' )

FORMAT {(//!' ENTER THE PSUEDO-ACCELERATION ORDINATE IN G: ' )

FORMAT (//' ENTER L1(TILDE)/M1(TILDE) FACTOR:' )
FORMAT (//' ENTER MAX. GROUND ACCELERATION IN G: ' )
END

SUBROUTINE DAMPRP (BLOCKS,NBLOCK ,NMAX,WEIGHT,STRWGT,
1 STRWCR, STRFUN, PARTFC)

INPUT THE PROPERTIES OF THE DAM, AND COMPUTE THE STATIC

AND FUNDAMENTAL VIBRATION PROPERTIES OF THE DAM

DIMENSION BLOCKS(5,1),WEIGHT(1),STRWGT(2,1),
1 STRWCR(2,1),STRFUN(2,1),PARTFC{3)
EXTERNAL VALWGT,VALHOR '

INPUT BLOCK PROPERTIES AND COMPUTE STATIC STRESSES

CALL REDBLK (BLOCKS,NBLOCK,NMAX,WEIGHT)

' CALL BLCKVL (BLOCKS,NBLOCK,WEIGHT,WEIGHT)

CALL STRLOD (BLOCKS,NBLOCK,WEIGHT,VALWGT,STRWGT)
CALL STRLOD (BLOCKS,NBLOCK,WEIGHT,VALHOR,STRWCR)
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WRITE (*,99)
DO 16 J=1,NBLOCK
I =NBLOCK +1 - J
WRITE (*,98) I, BLOCKS(5,I),WEIGHT(I)
10 CONTINUE

COMPUTE THE FUNDAMENTAL VIBRATION PROPERTIES AND STRESSES
DUE TO THE EFFECTIVE EARTHQUAKE FORCE

CALL FUNMOD (BLOCKS,NBLOCK,WEIGHT,WEIGHT,XTOT,PARTFC(1),
1 PARTFC(2))
CALL STRLOD (BLOCKS,NBLOCK,WEIGHT,VALHOR,STRFUN)

PARTFC(3) = PARTFC(1)/PARTFC(2)
WRITE (*,97) XTOT,{PARTFC(1),I=1,3)
READ (*,%*) DUM

IF (DUM.GT.0.0) PARTFC(3) = DUM -

COMPUTE THE HIGHER MODE STRESSES DUE TO THE
WEIGHT OF THE DAM

DO 20 J=1,NBLOCK
STRWCR(1,J)
STRWCR(2,J)

20 CONTINUE

STRWCR(1,J) - PARTFC(3)*STRFUN(1,J)
STRWCR(2,J) - PARTFC(3)*STRFUN(2,J)

RETURN

99 FORMAT (////3X,'PROPERTIES OF THE DAM'//' BLOCK',2X,'CENTROID',
1 4X, '‘WEIGHT' /10X, 'ELEV.'/1X,27('-*)/)

98 FORMAT (3X,12,3X,F8.3,3X,F8.3)

97 FORMAT (19X,'-------- 1/19X,F8.3//

' FUNDAMENTAL VIBRATION PROPERTIES OF THE DAM'//

5%,' L1 =',¥9.3,5X,' M1 =',F9.3//

5X,' THE FACTOR L1/M1 IS =',F9.3//

! ENTER AN ALTERNATE VALUE FOR L1/M1:' )

P Ly L

END
SUBROUTINE DAMSTA (BLOCKS,NBLOCK,GAMMA,H,HB,PRESS,STRDUM)

COMPUTE THE STATIC STRESSES IN THE DAM DUE TO IMPOUNDED WATER

DIMENSION BLOCKS(5,1),PRESS(1),STRDUM(2,1)
EXTERNAL VALHST

COMPUTE STATIC STRESSES DUE TC IMPOUNDED WATER

CALL CALHST (BLOCKS,NBLOCK,H,HB,GAMMA,PRESS)
CALL STRPRS (BLOCKS,NBLOCK,PRESS,1,H,HB,VALHST,STRDUM)

COMPUTE STATIC STRESSES DUE TC TAILWATER -- NOT
IMPLEMENTED IN THIS VERSION OF THE PROGRAM

RETURN
END
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SUBROUTINE DAMDYN (BLOCKS,NBLOCK,GAMMA,H,HB,PRESS,STRDUM)

READ HYDRODYNAMIC PRESSURE AND COMPUTE STRESSES
- DUE TO THE HYDRODYNAMIC PRESSURE

DIMENSION BLOCKS(5,1),PRESS(1),STRDUM(2,1)
EXTERNAL VALHDY

CALL REDHDY (BLOCKS,NBLOCK,H,HB,GAMMA,PRESS)
CALL STRPRS (BLOCKS,NBLOCK,PRESS,1,H,HB,VALHDY,STRDUM)

RETURN

END

SUBROUTINE DAMCOR (BLOCKS,NBLOCK,GAMMA,H,HB,XM!,STRFUN,
1 : PRESS, STRDUM)

DIMENSION BLOCKS(5,1),PRESS(1),STRFUN(2,1),STRDUM(2,1)
EXTERNAL VALHDY
DATA BFACT/0.052/

CALL CORPRS {BLOCKS,NBLOCK,H,HB,GAMMA,PRESS)
CALL STRPRS (BLOCKS,NBLOCK,PRESS,1,H,HB,VALHDY,STRDUM)

D=H - HB

HS = BLOCKS(3,NBLOCK+1) - BLOCKS(3,1)

BO1M1 = 0.5%BFACT*GAMMA*D*D*D*D/(HS*HS*XM1)
WRITE (*,99) BO1M1

READ (%*,*) D

IF (D.GT.0.0) BOIMiI =D

DO 10 J = 1,NBLOCK
STRDUM(1,J) = STRDUM(1,J) - BOIMI®*STRFUN(1,J)
STRDUM(2,J) = STRDUM(2,J) - BOIM1*STRFUN(2,J)
CONTINUE

RETURN

FORMAT (//' THE FACTOR B1/Mi IS = ',F9.3/

1 ' ENTER AN ALTERNATE VALUE FOR B1/Ml:!' )

END

SUBROUTINE REDBLK (BLOCKS,NBLOCK,NMAX,UNITWT)
READ THE PROPERTIES OF THE BLOCKS IN THE DAM

DIMENSION BLOCKS(5,1),UNITWT(1)

WRITE (*,99)

READ (*,%) NBLOCK

IF (NBLOCK.GT.NMAX) GO TO 20

WRITE (*,97)
READ (*,*) DEFWGT

DO 10 I=1,NBLOCK
WRITE (*,95) I

SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
185
196
197
198
199
200
201
202
203
204
205
206
207
208
206
210
211
212
213
214
215
216
217
218
218
220



aOaaoao0

[}

aoOOoaon

aaon

10

135

READ (*,*) (BLOCKS(J,I),J=1,3),UNT
IF (UNT.LE.0.0) UNT = DEFWGT
UNITWT(I) = UNT

CONTINUE

WRITE (*,93)
READ (*,%) (BLOCKS(J,NBLOCK+1},J=1,3)

RETURN

TOO MANY BLOCKS REQUESTED FOR STORAGE ALLOCATED

20 STOP

99 FORMAT (//' ENTER THE NUMBER OF BLOCKS IN THE DAM: ' )
97 FORMAT (//' ENTER THE DEFAULT UNIT WEIGHT: ' )

95 FORMAT (5X,' ENTER X1,X2,Y, AND UNIT WEIGHT OF BLOCK NO. ',

1

I2,': ')

93 FORMAT (//5X,' ENTER X1, X2 AND Y AT THE CREST: ')

10

END

SUBROUTINE CORPRS (BLOCKS,NBLOCK,H,HB,GAMMA,PRESS)

COMPUTE THE HYDRODYNAMIC PRESSURE ON THE UPSTREAM FACE OF A
RIGID DAM WITH INCOMPRESSIBLE WATER.
COMPUTATION OF HIGHER MODE STRESSES.

DIMENSION BLOCKS(5,1)},PRESS(1)

DEPTH = H - HB
IF (DEPTH.LE.G.0) RETURN

NBL1 = NBLOCK + 1

HS = BLOCKS(3,NBL1) - BLOCKS(3,1)

DO 10 I = 1,NBL1
PRESS(I) = 0.0

Y

= (BLOCKS(3,1} - HR)/DEPTH

IF (Y¥.GT.1.0.0R.Y.LT.0.0) GO TO 10
CALL POYFUN (Y,P0)

PRESS(I) = GAMMA*DEPTH*PO

CONTINUE

RETURN

END

USED FOR THE

SUBROUTINE BLCKVL (BLOCKS,NBLOCK,UNITWT,WEIGHT)

DIMENSION BLOCKS(5,1),UNITWE(1),WEIGHT(1)

DO 1

COMFPUTE THE LOCATIONS OF THE CENTROIDS AND
WEIGHTS OF THE BLOCKS

LOOP OVER THE BLOCKS, ONE AT A TIME, TOP TO BOTTOM

0
I

J=1,NBLOCK
= NBLOCK + 1 - J
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TOP = BLOCKS{2,I+1) - BLOCKS(1,I+1)
BOT = BLOCKS(2,I ) - BLOCKS(1,I )
DX = BLOCKS(1,I+1) - BLOCKS(1,I )
DY = BLOCKS(3,I+1) - BLOCKS(3,I )

CALL CENTRD {(TOP,BOT,0.0,DY,AREA,DUM,DUM,RY)
BLOCKS(4,I) = BLOCKS(1,I) +

1 (2.0*DX*TOP + DX*ROT + TOP*BOT
2 + TOP*TOP + BOT*BOT)/
3 (3.0%(TOP + BOT))
BLOCKS(5,I) = BLOCKS(3,I) + RY
WEIGHT(I) = AREA*UNITWT(I)
CONTINUE
RETURN
END ,

SUBROUTINE FUNMOD (BLOCKS,NBLOCK,WEIGHT,WPHI,W1,W2,W3)

COMPUTE THE EFFECTIVE LATERAL LCAD FOR EACH BLOCK
AND THE TOTAL WEIGHT, EFFECTIVE EARTHQUAKE FORCE,

AND GENERALIZED WEIGHT OF THE DAM

DIMENSION BLOCKS(5,1),WEIGHT(1),WPHI(1)

HS
Wl
w2
W3

Do

RET
END
SUB

BLOCKS(3,NBLOCK+1) - BLOCKS{3,1)
0.0
0.0
0.0

LOOP OVER BLOCKS, ONE AT A TIME, BOTTOM TO TOP
10 I=1,NBLOCK

Y = (BLOCKS(5,I) - BLOCKS(3,1))/HS
CALL PHIONE (Y,PHI)

W = WEIGHT(I)

WP = W*PHI
WPHI(I) = WP
WL=W1+W

W2 = W2 + WP

W3 = W3 + WP*PHI
CONTINUE

URN

ROUTINE PHIONE (Y,PHI)

OBTAIN THE ORDINATE OF THE FUNDAMENTAL VIBRATION MODE

OF THE DAM, USE THE STANDARD MODE SHAPE

DIMENSION PHT1(22)

DATA DY/0.05/,PHI1/0.000 , 0.010 , 0.021 , 0.034 , 0.047 ,
0.065 , 0.084 , 0.108 , 0.135 , 0.165 ,
0.200 , 0.240 , 0.284 , 0.334 , 0.389 ,

1
2
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3 0.455 , 0.530 , 0.619 , 0.735 , 0.866 , SMPL 331

4 1.000 , 1.000 / SMPL 332

C SMPL 333
A =Y/DY SMPL 334

I = IFIX(a) +1 SMPL 335

A = FLOAT(I) - A SMPL 336

PHI = A*PHI1(I) + (1.0-A)*PHI1(I+1) SMPL 337

C ‘ SMPL 338
RETURN SMPL 339

END SMPL 340
SUBROUTINE POYFUN (Y,P0) SMPL 341

C SMPL 342
C OBTAIN THE HYDRODYNAIC PRESSURE ON A RIGID DAM WITH SMPL 343
¥ INCOMPRESSIBLE WATER. SMPL 344
C SMPL 345
DIMENSION POY(22) SMPL 346

DATA DY/0.05/,P0Y/0.742 , 0.741 , 0.737 , 0.731 , 0.722 , 0.711 , SMPL 347

1 0.696 , 0.680 , 0.659 , 0.637 , 0.610 , 0.580 , SMPL 348

2 0.546 , 0.509 , 0.465 , 0.418 , 0.362 , 0.30F , SMPL 349

3 0.224 , 0.137 , 0.000 , 0.000 / SMPL 350

C SMPI, 351
A = Y/DY : SMPL 352

I = IFIX(A) + 1 SMPL 353

A = FLOAT(I) - A SMPL 354

PO = A*POY(I) + (1.0-A)*POY(I+1) SMPL 355
RETURN SMPL 356

END SMPL 357
SUBROUTINE REDWAT (H,HB) SMPL 358

C SMPL 359
C READ THE ELEVATIONS OF THE RESERVOIR SMPL 360
c SMPL 361
WRITE (*,99) SMPL 362

READ (*,*) H SMPL 363
WRITE (*,98) SMPL 364

READ (*,%) HB SMPL 365

c SMPL 366
RETURN SMPL 367

C _ SMPL 368
99 FORMAT (//' ENTER ELEVATION OF FREE - SURFACE: ' ) SMPL 369

98 FORMAT {(/ ' ENTER ELEVATION OF RESERVOIR BOTTOM: ' ) SMPL 370
END SMPL 371
SUBROUTINE CALHST (BLOCKS,NBLOCK,H,HB,GAMMA,PRESS) SMPL 372

o | SMPL 373
C COMPUTE THE HYDROSTATIC PRESSURE ON THE FACE OF THE DAM SMPL 374
C SMPL 375
DIMENSION BLOCKS(5,1),PRESS(1) SMPL 376

C SMPL 377
C LOOP OVER THE BLOCK LEVELS, ONE AT A TIME, BOTTOM TO TOP . SMPL 378
C : SMPL 379
NBL1 = NBLOCK + 1 SMPL 380

DO 10 I=1,NBL1 SMPL 381
PRESS(I) = 0.0 SMPL 382

Y = BLOCKS(3,I) SMPL 383

IF (Y.LT.H.AND.Y.GE.HB) PRESS(I) = GAMMA*(H-Y) SMPL 384

10 CONTINUE SMPL 385
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RETURN
END
SUBROUTINE REDHDY (BLOCKS,NBLOCK,H,HB,GAMMA,PRESS)

READ AND COMPUTE THE HYDRODYNAMIC PRESSURE AT THE
BLOCK LEVELS ON THE UPSTREAM FACE OF THE DAM

DIMENSION BLOCKS(5,1),PRESS(1)

DEPTH = H - HB
IF (DEPTH.EQ.0.0) RETURN

NBL1 = NBLOCK + 1
HHS = DEPTH/(BLOCKS(3,NBL1) - BLOCKS(3,1))
HHSZ = HHS*HHS

LOOP OVER BLOCK LEVELS, ONE AT A TIME, TOP TO BOTTOM

WRITE (*,99)
DO 10 J=1,NBL1
I =NBLOCK + 2 - J
PRESS(I) = 6.0
Y = (BLOCKS(3,I) - HB)/DEPTH
IF (Y.GT.1.0.0R.Y.LT.0.0) GO TO 10

READ PRESSURE COEFFICIENT AND COMPUTE HYDRODYNAMIC
PRESSURE AT THE BLOCK LEVEL

WRITE (*,98) Y
READ (%,%) P
PRESS(I) = GAMMA*DEPTH*HHS2*P

CONTINUE
RETURN

99 FORMAT (//' ENTER THE HYDRODYNAMIC PRESSURE FOR THE '/

1 ! FUNDAMENTAL VIBRATION MODE OF THE DAM ')
FORMAT (/5X,' ENTER THE PRESSURE ORDINATE FOR Y/H =!,
1 F5.3,': ' )

end

SUBROUTINE STRLOD {BLOCKS,NBLOCK,LOADS,VALUES,STRESS)

COMPUTE THE NORMAL STRESSES DUE TO LOADS APPLIED AT THE
CENTROID OF THE BLOCKS

DIMENSION BLOCKS(5,1),LOADS(1),STRESS(2,1)

REAL LOADS,M
HSUM = 0.0
HYSUM = 0.9
VSUM = 0.0
VXSUM = 0.0

LOCP OVER BLOCKS, ONE AT A TIME, TOP TO BOTTOM

SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMFL
SMPL
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391
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393
394
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400
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407
408
409
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411
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414
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416
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DO 10 J=1,NBLOCK
I =NBLOCK +1 -J

OBTAIN THE LOADS AT THE CENTROID OF BLOCK I

CALL VALUES (I,LOADS,V,H)

HSUM = HSUM + H
HYSUM = HYSUM + H*BLOCKS(5,I)
VSUM = VSUM + V '
VXSUM = VXSUM + V¥BLOCKS(4,I)

COMPUTE THE BENDING MOMENT AND STRESSES AT THE
BOTTOM OF BLOCK I

=
i

HYSUM - VXSUM - BLOCKS(3,I)*HSUM
+ 0.5%(BLOCKS(2,I)+BLOCKS(1,I))*VSUM

T = BLOCKS(2,I) - BLOCKS(1,I)
M = 6.0%M/(T*T)

STRESS(1,I) = VSUM/T + M
STRESS(2,I) = VSUM/T - M

CONTINUE
RETURN
END
SUBROUTINE STRPRS (BLOCKS,NBLOCK,PRESS,IUPDN,H,HB,VALUES,STRESS)

COMPUTE THE NORMAL STRESSES DUE TO PRESSURE APPLIED
AT THE FACE, UPSTREAM (IUPDN=1) OR DOWNSTREAM (IUPDN=2),
OF THE BLOCKS

DIMENSION BLOCKS(5,1),PRESS(1),STRESS(2,1)
REAL M
LOGICAL YCOMP

HSUM = 0.0
HYSUM = 0.0
vstM = 0.0
VXSUM = 0.0

YB = BLOCKS(3,NBLOCK+1)

LOOP OVER BLOCKS, ONE AT A TIME, TOP TO BOTTOM
DO 40 J=1,NBLOCK

I =NBLOCK + 1 - J

YBT = YB

YB = BLOCKS(3,I)

IF (YB.GE.H.OR.YBT.LE.HB) GO TO 30

THE BLOCK TOUCHS WATER, OBTAIN THE WATER PRESSURE
AT THE TOP AND BOTTOM OF THE BLOCK

SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
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CALL VALUES (I,PRESS,P1,P2,YCOMP)

DX = 0.0

IF (YCOMP) DX = BLOCKS(IUPDN,I+1) - BLOCKS(IUPDN,I)
DY = BLOCKS(3,I+1) - BLOCKS(3,I)

IF (YBT.LE.H) GO TO 10

TOP OF WATER IS IN BLCCK, MODIFY TOP PRESSURE POINT

DUM = H - YB
DX = DX*DUM/DY
DY = DUM

Pl = 0.0

GO TO 20

CHECK THAT BOTTOM OF WATER CORRESPONDS TO A BLOCK

IF (YB.LT.HB) WRITE (*,99)
COMPUTE PRESSURE AND FORCES ACTING ON BLOCK I

CALL CENTRD (P1,P2,DX,DY,H1,V,RX,RY)

COMPUTE THE STRESS RESULTANTS AT THE BOTTOM OF BLOCK

HSUM = HSUM + H1
HYSUM = HYSUM + H1*(YB+RY)

VSUM = VSUM + V

VXSUM = VXSUM + V*(BLOCKS{IUPDN,I)+RX)

COMPUTE THE BENDING MOMENTS AND STRESSES AT THE
BOTTOM OF BLOCK I

=
h

HYSUM - VXSUM - BLOCKS(3,I)*HSUM
+ 0.5%(BLOCKS(2,I)+BLOCKS(1,I))*VSUM

T = BLOCKS(2,I) - BLOCKS(1,I)
M = 6.0%M/(T*T)

STRESS(1,I) = VSUM/T + M
STRESS(2,I) = VSUM/T - M

CONTINUE
RETURN

FORMAT (//' ERROR IN MODEL - RESERVOIR BOTTOM DOES NOT'/
' COINCIDE WITH THE BOTTOM OF A BLOCK'/)

END
SUBROUTINE VALWGT (I,LOADS,V,H)

OBTAIN THE WEIGHT OF BLOCK I

DIMENSION LOADS(1)
REAL LOADS

SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
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SMPL
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H
A

0.0
- LOADS(I)

RETURN
END

SUBROUTINE VALHOR (I,LOADS,V,H)

OBTAIN THE EFFECTIVE LATERAL FORCE ON BLOCK I

DIMENSION LOADS(1)
REAL LOADS

LOADS(I)
000

H
v

inn

RETURN
END
SUBROUTINE VALHST (I,PRESS,Pl1,P2,YCOMP)

OBTAIN THE HYDROSTATIC.PRESSURE ON BLOCK 1

DIMENSION PRESS(1)
LOGICAL YCOMP

Pl = PRESS(I+1)
P2 = PRESS(I )
YCOMP = .TRUE.

RETURN
END
SUBROUTINE VALHDY (I,PRESS,P1,P2,YCOMP)

OBTAIN THE HYDROGYNAMIC PRESSURE ON BLOCK I

DIMENSION PRESS(1)
LOGICAL YCOMP

Pl = PRESS{I+1)
P2 = PRESS(I )
YCOMP = .FALSE,

([

RETURN
END
SUBROUTINE CENTRD (P1,P2,DX,DY,PX,PY,RX,RY)

COMPUTE THE RESULTANT PRESSURE FORCE ON A SURFACE,
ALSO LOCATES THE VERTICAL CENTROID OF A BLOCK

A = 0.5%(P1+P2)
PX = A*DY

PY = - A*DX

RX = 0.0

RY = 0.0

IF (A.FQ.0.0) RETURN
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A
RX
RY

(2.0%P1+P2)/{6.0%A)
A*DX
A*DY

RETURN

END

SUBROUTINE COMSTA (NBLOCK,STR1,STRZ,STR3,STRFAC,TITLE)
.ADD STRESSES STR2 TO STR1 AND PUT IN STR3

DIMENSION STR1{2,1),STR2(2,1),STR3(2,1)
CHARACTER*40 TITLE

WRITE (*,99) TITLE

DO 10 J=1,NBLOCK
I=NBLOCK +1-J

STR3(1,I) = (STR1(1,I) + STR2(1,I))*STRFAC
STR3(2,I) = (STR1(2,I) + STR2(2,I))*STRFAC
WRITE (*,98) I,STR3(1,I),STR3(2,I)
10 CONTINUE
RETURN

SMPL
SMPL
SMPL

- SMPL

SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL
SMPL

99 FORMAT (//2X,A40//' BLOCK',5X, 'UPSTREAM FACE',2X, 'DOWNSTREAM FACE'SMPL

1 /1X,40('-")/)
98 FORMAT (3X,12,10X,F8.3,9X,F8.3)

END
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