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ABSTRACT

The relation between the factor of safety obtained from dynamic response analyses on
arbitrary potential sliding surface of a rockfill dam and the one obtained from conventional
method such as slice method has been made clear by introducing a concept of equivalent
instantaneous seismic coefficient. _

Throughout many numerical experiments of dynamic response analyses conducted on a
typical rockfill dam section with sinusoidal ground motions of various kinds of accelerations
and periods, a simple expression for the sliding permanent displacements has been obtained
as a function of maximum equivalent instantaneous seismic coefficient and duration of sliding
which is independent of the scale and location of sliding surface, the period of ground motion
and the amplitude of ground acceleration. This formula has been applied to the simplified
evaluation for the sliding permanent displacements in the cases with the ground motions
of recorded accelerograms. ‘

Acceleration response spectra of many recorded accelerograms have been calculated and
the ratio of each maximum value to peak ground acceleration has been plotted against
corresponding predominant period. With this diagram the amplitude of equivalent sinusoidal
ground acceleration has been specified as 0.5 to 0.6 of peak ground acceleration in conservative
side. ,

Combining above formula with the magnification factors of the equivalent instantaneous
seismic coefficients in the potential sliding circles near crest, an expression for the relationship
between the amplitude of above equivalent sinusoidal ground acceleration and the earthquake-
induced sliding displacement at near crest has been derived. Giving certain amount of
allowable permanent displacement, an earthquake-resistant design diagram for rockfill dams
concerning with the equivalent sinusoidal ground acceleration has been proposed.

Key words : dam, (dynamic response analysis), earthquake, rockfill, safety factor, (seismic
coefficient) (IGC : E 8/H 4)

technique in numerical analyses with the
INTRODUCTION spread of electronic computer, dynamic
Because of the recent advancement of response analyses are commonly applied to
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the structural or stress analyses in the
seismic designs of soil structures such as
slopes, embankments, fill dams, etc. Never-
thless, it can not be said that we have
reliable basis for evaluating the stability of
these structures with computed results
except for the cases of liquefaction. Among
earlier studies on the assesment of seismic
stability of fill dams one of the authors
proposed a procedure to evaluate the seismic
stability based on the distribution of the
lowest computed point factors of safety over
the cross section (Watanabe, 1973). Anoth-
er procedure on the basis of accumulated
strain induced by earthquake motions was
proposed and applied to the seismic design
of Los Angeles dam constructed in the
place of the Lower San Fernando dam in
which upstream shell a major slide occurred
as a result of the 1971 San Fernando Earth-
quake (Seed et al, 1973). This procedure
was developed on the basis of the liquefaction
assessment method using dynamic response
analyses and has been developed into the
method for earthquake-resistant degisn of
earth dams based on the evaluation of the
deformations due to eqrthquake motions
(Seed, 1979). The concept of this procedure
is recently applied to the static finite element
analyses where the seismic induced settle-
ments and deformations in soil structures
are estimated with the static secant modulus
of the materials taking into account of the
decrease of it due to cyclic loading (Naka-
mura et al, 1982; Sasaki et al, 1982).

On the other hand the relation between
the factor of safety obtained from so-called
pseudo-static method and the one evaluated
from the dynamic response analyses was not
clarified untill a recent date. Attempts by
one of the authors to interpret above relation
have partially proved successful by intro-
ducing the concept of equivalent instantane-
ous seismic coefficient (Watanabe et al, 1981).
Combining this seismic coefficient with the
basic elements of a procedure for evaluating
the potential deformations of an embankment
dam due to earthquake motion proposed
first by Professor N. M. Newmark (Newmark,

1965) and developed by Professor H.B.Seed
(seed, 1979), an expression for earthquake-
induced horizontal permanent displacement
of the potential sliding mass of a rockfill
dam has been derived from yield acceleration
defined as being equivalent to the resisting
resultant force on the sliding surface and
surplus active acceleration (Watanabe et al,
1981).

In this study the results
response analyses conducted on an actual
rockfill dam with a design earthquake
motion have been shown to provide convinc-
ing evidence of the validity in above men-
tioned relation between the factors of safety
by two methods. A simple formula has been
derived for the horizontal permanent dis-
placements of the potential sliding masses of
a rockfill dam as a function of maximum
equivalent instantaneous seismic coefficient
and duration of sliding throughout many
numerical experiments of dynamic response
analyses conducted on a typical rockfill dam
section with sinusoidal ground motions of
various kinds of accelerations and periods.

This formula derived in this study has
been applied to predict the critical ground
acceleration for earthquake resistant design
of a rockfill dam on the basis of the amount
of earthquake-induced sliding permanent
displacement at near crest.

of dynamic

EQUIVALENT INSTANTANEOUS SEIS-
MIC COEFFICIENT AND FACTOR OF
SAFETY

The point factors of safety of all elements
inside the rockfill dam body will be computed
with the response stresses obtained from a
dynamic response analysis at every time
increment. When there is a large number
of elements of which point safety factors
are unity or under, a rectangulat particle
cut out by the planes perpendicular to the
principal stresses is examined in each ele-
ment. When the compressive stress acting
on this rectangular particle increases and
becomes greater than the allowable stress
defined by Mohr-Coulomb Criteria, we may
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consider that local sliding takes place in the
directions forming the angles of (rjd+=P)
from acting plane, where ¢ is the angle
of internal friction. The plane along each
direction is called “mobilized plane” and is
in two directions. In the case when the
directions of mobilized planes being connected
in succession are extending outside the dam
body we regard this state as what will lead
to macroscopic sliding failure. This succes-
sive plane forms a potential sliding surface.

The contour of every potential sliding
surface becomes to be nearly perfect circle
as shown in Fig. 1. Total 17 potential
sliding circles were thus defined in the
previous paper throughout many numerical
experiments.  All representative potential
sliding circles for a rockfill dam concentrated
upon the surface layer of the dam body.
So that it may be said that composite sliding
surfaces of a rockfill dam consist of several
small and shallow sliding circles (Watanabe
and Baba, 1981).

With the response accelerations at every
moment acting on a sliding mass bounded
by a potential sliding circle, “equivalent
instantaneous seismic coefficient (%,)” was
defined in the previous paper (Watanabe and
Baba, 1981) as follows

ffmx, ¥)-ea(x, y)dxdy
b= (1)

g-fﬁo(x, y)dxdy

where «(x,y) is the response acceleration
on any point (z,y) in the sliding mass,
0(z, y) is the density at the point and g is
acceleration of gravity. Eq.(1) times g is
a ratio of the integrated inertia force over

st

Distribution of mebilized plane
(Example 1)

Fig. 1.

the sliding mass to its total weight and
represents an average response acceleration
over the mass at every moment. Therefore
the product of above seismic coefficient by
the weight of the mass is equivalent to the
total inertia force acting on the mass at
every moment.

The yielding acceleration corresponding to
the resisting force along a potential sliding
surface against earthquake motion was
derived in the previous paper (Watanabe
and Baba, 1981) by equating driving mo-
ment, which is determined from the equiv-
alent instantaneous seismic coefficient mul-
tiplied by the weight of the sliding mass,
to the resisting moment and is written in the
following form of seismic coefficient

kg=Fg-k,+ (Fs—1)tan B* (2)
where kgis “yielding seismic coefficient”, B* is
the angle between the radius of the sliding
circle passing through the center of gravity of
the sliding mass and the vertical, and F is
the dynamic factor of safety written as follows

_ 2Tl
R es (8

The suffix “/” in above equation represents
the number of finite element through which
the sliding line passes and /; represents the
length of the line cut out by the element.

The time history of Fg has been very
similar to the one of %, in all dynamic
response analyses of soil structures which
the authors have conducted so far. The
times when the peaks and bottoms appear
in the time history of Fy agree correctly
with those of %k, For examples, with the
results of a dynamic response analysis con-
ducted on a rockfill dam at “O” site in
middle Japan which is 98 meter in height
and has a design cross section as shown in
Fig.2(b), the value of %, at every time
when the peak or bottom appears in above
time history has been plotted against the
corresponding value of F and Fig.2(a) has
been obtained. The input earthquake mo-
tion is the accelerograms of TR component
of Kaihoku Bridge in the 1978 Miyagiken-
Oki Earthquake and is shown in Fig.2(c).
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Total 6 potential sliding circles have been
examined as shown in Fig.2(b). Almost
all of them have been determined by above
method except for some circles decided by
current design method. The solid lines in
Fig.2(a) represent the relationship between
horizontal seismic coefficient “k;” and Fg
obtained from the conventional method, that
is, slice method in this paper.

The comparison of the relationships both
between ky and F, and between %, and Fj
obtained from conventional method and
dynamic response analysis method respective-
ly indicates that both relationships agree well
as shown in Fig.2(2) though the values
of F, are slightly larger in the latter. As
we have seen it may be concluded that the
relationship between F, and k&, at every
moment obtained from dynamic response

analysis is same one as obtained from con-
ventional method, that is, the factor of
safety with respect to sliding is to be nearly
equal if only the load or the seismic coefficient
applied to the sliding mass is same, though
the method of analysis is different.

PERMANENT DISPLACEMENT OF THE
MASS ON POTENTIAL SLIDING SURF-
ACE DUE TO EARTHQUAKE MOTION

The behavior of the mass on an arbitrary
potential sliding surface being taken into
account, the resultant force along the sur-
face is in a state of equilibrium with the
inertia force of the mass untill the mass
begins to slide, however, in the state where
the value of the resultant equivalent instan-
taneous seismic coefficient containing vertical
component is greater than kp sliding will
take place. As soon as sliding takes place
the surplus acceleration in excess of this
yielding seismic coefficient does not be
transmitted from the dam body to the
sliding mass, however, the relative accelera-
tion on the mass to the dam body becomes
larger to the extent of this surplus ac-
celeration in the coordinates fixed on the
dam body below the mass, so that the mass
moves with this surplus acceleration. The
acceleration of the dam body below the
sliding mass decreases and becomes less than
the yielding acceleration in the subsequent
state, then the sign of the relative accelera-
tion is revised and the brakes will be put
on the sliding mass.

All cases of the numerical experiments
in this paper are summarized in Table 1.
E(300) and E(200) in the table represent the
cases of dynamic response analyses with the
ground motions of the accelerograms of E1
Centro 1940 NS with peak acceleration of
300 gal (3.0m/s?®) and 200gal (2.0m/s®)
respectively. H(450) and H(300) represent
the cases with the accelerogram of Hiuganada
1968 with peak acceleration of 450gal (4.5
m/s?) and 300 gal (3.0m/s®) respectively.
The acceleration spectra of the Hiuganada
accelerogram are shown in Fig.3. The
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Table 1.  Analyzed cases

- 2
(a) Sinusoidal Cases Siiding ~1000 ke-Q(gl) 1 gal = 0.01 m/s
Ay(gal) Circle o - Fan A
’ 150 200 300 450 600 000 VIV IVT
~ T(sec) o ’ . =
0.125 Case2 | Casel No | 50 =y L 4 S 0 S W
0. 250 Case B | Case 4 | Case 3 10 A A L B -
0.375 Case A | Case 6 | Case 5 0 LV S 20
0. 500 Case C | Case 8 | Case 7 1000
0.625 Case 10 | Case 9 0 r\v \v/\u/' \—
1 gal=0.01m/s? w3 1000
(b) Observed Ground Motion Cases i S L L R
~—_-Peak Acc. Lo R f
R 200 300 450 o A W28 I vz
Earthquake -
E IZCENTRO 1940NS | Case E (200)| Case]E(300) "Oog T
HIUGANADA 1968 Case H(300)| Case H(450) 1000 v i
No 6
- e i e
response characteristics of tested rockfill dam . NN sAy
. . 1 -
section were discussed for the cases No.1 L
to No.8 and the case No. A in the previous -~1000 T
o \
paper (Baba and Watanabe, 1979). The cases 1000 M
No.9, No.10, No.B, No.C, No.E (200) and No 9 50 P —
. X 7
No. H(450) are newly added in this paper. " A~ HEt -
The dynamic values of materials, the results S 3 4 e tise

of initial stress analyses and the cross section Fig. 5. Time histories of equivalent inst-

~antaneous seismic coefficient and

factor of safety (E(300))

(the height of 153 m; the slopes of 1:2.6
in thle up stream and 1:2.0 in the down
stream sides reépectively) are same as those
used in above paper.

Among the 17 representative potential
sliding circles defined in the previous paper
PR v 20 se0 only 12 circles have shown so significant
amount of permanent displacement through-
out the numerical experiments in this paper
that we can consider sliding will take place.
They are the circles of No.1 to No.9 and
No. 15 to No. 17 as shown in Fig.4. Several
examples concerning the time histories
of the equivalent instantaneous  seismic
coefficient and the factor of safety for some
of above potential sliding circles are shown
in Fig.5.. As stated before it may be said
that the shapes of both time histories are
very -similar to each other. ,

In the previous paper (Watanabe and
Baba, 1981) the horizontal' permanent dis-
placement “Dg” of a sliding mass due to
Fig. 4. Representative potential sliding the surplus acceleration (%,—%z)g was defined

circles : as follows

Ratio-of Max Absoute Acc
To Max Ground Acc

Undamped Natural Period
Fig. 3. Response spectra of Input earthquake
motion (Hiuganada 1968)
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i1 T
Dp= f f (k,—kp) -gdrds
to to

where ¢, is the time when F; becomes equal

Table 2. Residual horizontal displacement
(Dg), duration (¢;) and instantaneous
equivalent seismic coefficient (k.,-9)
obtained from numerical experiment

(4)

to 1 in the begining, ¢, is the time when

the velocity of the sliding mass becomes Sliding Ground Motion | Numerical Resull:
zero. Fig.6 shows an example of horizontal ~ No. T (sec) Ao(ga1)1 ¢4 (sec) '-'DR(Cm) ot
permanent displacement due to earthquake 0.375 200 0.0355 0.032 382
) . ) : 0.375 300 0.0724 0.492 457
motion, that is, of progressive failure of 0.375 450 0. 0806 0.834 502
- . 1 0. 500 200 0.0942 0.784 453
slope thus calculated for the sliding circle 0. 500 300 0.1302 3.561 609
. . 0.625 150 0.0975 0.639 418
No. 3 shown in Fig. 4. 0.625 200 0.1746 6.447 569
In the usual dynamic response analyses - 0.975 450 8'8188 0.008 198
: : : : : . 500 200 1002 527 3
of soil structures including those in this 9 0. 200 500 0. 1550 5 860 575
paper an equivalent linear FEM procedure 9-029 P .07 | S8 | X
i -li ~-strain —
is used ‘where the non linear stre.ss st P 00 0 0811 o567 o
hysteresis curves are linearized into the 8%% igg 8’?882 (1)?3(15 ggg
secant moduli and the equivalent linear 3 0. 500 150 0.1208 1.984 293
. ) i 0. 500 200 0.1551 4,693 398
dampling constants which vary with the 0.500 300 0.1698 7.099 435
: . 0.625 150 0.1732 5.229 320
amplitude of strain. Therefore, the calcula- 0.625 200 0.2184 | 12.190 402
tion is being continued on the elastic 0.500 200 0. 1004 0.850 201
. . 1500 J111 1.
continuum of complete structure without 4 8.225 ?28 8,(_%0; 0.55? 2?13
separating the sliding mass though the _ 0625 200 0. 1408 215 347
5 0.625 200 0. 0576 0.048 291
s FACTOR 0F SAFETY 0.250 300 0.0237 0.007 331
s \ 0.250 450 0. 0552 0.293 418
0.375 300 0.0031 1.036 458
10 - 6 0.375 450 0.1180 2.683 597
0.0 I 0.500 200 0.0751 0.367 317
-
1o I R W S R I O M Y 0. 500 300 0. 1153 1.821 484
0.24 0.44 0.45 J0.21 0.15 0.625 150 0.129% 1.825 300
.o . A / | 0.625 200 0.1046 0.934 279
oo g i §g‘;I‘Y";gig;}'g“jfg;ﬁggﬁg“g“f*“mf“f0“‘ — N 0.375 | 300 | 0.0843 0.665 | 384
R SN i\.’l Ul Ty T N 7 0.375 450 i 0.1060 1.890 | 497
\ /! m—[\: dU g N 0.500 @ 300 | 0.1167 1.555 1 477
7 80 s ; Y37 Y X350 A\ ‘ ‘
0.0 : ‘\J'\/L /\— = e 0.250 300 0.0117 0.001 283
\\ 0250 | 450 | 0.0491 | 0.15 | 351
M ) 0.375 300 0.0829 0.910 406
10000 ful Mo 8 0.375 450 0.1107 2.775 582
CM/SECH*2 SURPLUS ACCELERATION 0.500 200 0.1014 0.913 382
M/SEC AND BRAKING ACCELERATION 0. 500 300 0.1432 4,949 | 494
~1000.9 h‘ 0.625 150 0. 0486 0.040 | 272
/\ NN 0. 250 450 0.0190 0.002 318
0.0 A 0.375 300 0.0829 0.873 303
0. 375 450 0.1090 2,901 561
9 0.500 200 0. 1083 1.025 375
.5 . 1457 5. 102 484
1000.0 XA 0.625 150 0.0745 0. 162 268
o Shisee ELOCITY OF SLIDING MASS 0.625 200 0.0274 0.005 | 225
1 0.250 | 450 0. 0559 0.348 | 608
/\ : A N 0.375 | 450 0. 0805 0.669 668
00 15 0.375 | 450 | 0.0507 0.169 | 525
" 0.250 L 450 0.0460 0.166 583
200.0 0.375 450 0.1007 2.127 792
oM RESIDUAL DISPLACEMENT OF SLIDING MASS t
-200.0
Pu -125.9 1ga1=0.01m/sz
e val . .. fici
0.0 equivalent instantaneous seismic coetlicient
exceeds the yielding one. In elastic con-
200.0 sec tinuum the absolute value of surplus ac-
1.0 2.0 3.0 4.0 5.0 6.0 7.0 . v .
cm/sect*2 = 0.01 n/s?  om/sec = 0.01 m/s celeration on a sliding surface is equal to
Fig. 6. Progressive failure of slope of the one of the sliding mass because of the

rockfill dam (Circle No. 3)

equilibrium, and (k,—kz)g is approximately
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adopted as the surplus acceleration. The
word “approximately” is used advisedly here
because the response of dam body is to be
different according to whether the sliding
mass is separated or not. However in rock-
fill dams, as stated before, all the potential
sliding circles are small and shallow so that
the weight of sliding mass is considerably
small comparing to the total weight of dam
body. And so, it may be considered that
the response acceleration on the sliding
surface is not affected significantly by whe-
ther the sliding mass is separated or not
and that above procedure will be valid as
a first order approximation. We are now
examining the dynamic response analysis
method where sliding elements are introduced
and have a plan to clarify the extent of
error in this paper.

CHARACTERISTICS OF THE PERMA-
NENT SLIDING DISPLACEMENT PER
ONE PERIOD IN THE STEADY STATE
RESPONSE OF A DAM DUE TO SINU-
SOIDAL GROUND MOTIONS

In each of 13 cases in Table 1(a) the
horizontal sliding permanent displacement
per one period due to sinusoidal ground
motion (Dg; cm) has been calculated for
each of all 12 potential sliding circles shown
in Fig.4 and the results are summarized
in Table 2. The characteristics of Dy has
been examined in every one of various sorts
of parameters such as the period of ground
motion (7°(s)), the amplitude of ground
acceleration A, (gal, x0.01m/s?), duration
of sliding ¢,(s) and the amplitude of the
equivalent instantaneous seismic coefficient
kom-

As a final result Fig.7 has been obtained
and a simple regression curve has been
drawn. As a upper envelope for the regres-
sion curve following simple formula has
been derived.

1
Da=-5 (ken9) 1" (5)

As observed from Fig.7 this formula is
obviously independent of the scale and

Dr (cm)
— 1 ! 1
croed Nol1 [2]3]a]5 6] 7]e 9 [ hs 17
Symbol olo|efe|e|alalalv|o .
3]
10.0
50
,/’@
zm’égﬁ% & . — kemg-td |(cm)
0 50 10.0 150 0.0
Fig. 7. Relationship between D and k.,
g t;?

location of sliding surface, the period of
ground motion and the amplitude of ground
acceleration.

One of the physical meanings of the
formula will be that the sliding mass under
the constant acceleration of %,,g starts to
move with zero initial velocity and reaches
at the place Dy (cm) distant from the
initial position.  Transforming Eq. (5)
after multiplying both sides by the mass
“m” following expression is obtained

and the physical meaning of above equation
will be that the impulse of the inertia force
of the sliding mass during £, owing to the
acceleration k,,g is equal to two times of
the momentum of the mass moving with
average velocity of Dg/t,.

The availability of Eq. (5) makes it easy
to estimate approximately the permanent
displacement due to observed or artificial
earthquake motion. Letting the duration
of F; under unity and the peak value of
the equivalent instantaneous seismic coeffi-
cient be #; and %, respectively in Eq. (5)
and adding together all of Dy thus calculated
over total duration of the earthquake motion,
the accumulated permanent displacement will
be estimated as follows

D=1 (hen9) 24? (7)

The number of summing up in Eq.(7) is
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to be the one of the occurrence of the
situation where F, becomes under unity for
total duration of the eqrthquake motion.
In Fig. 6, by way of an example, each
figure of both above mentioned durations
and peak values of equivalent instantaneous
seismic coefficient is written. Examples ‘as
to the results of above approximate estima-
tion tor the permanent displacement due to
earthquake motion are summarized for the
case of E(300) in Table 3. The- results
calculated exactly from Eq.(5) are shown
together in the table. The coincidence of
both results is considerably well.

AMPLITUDE OF EQUIVALENT IN-
STANTANEOUS SEISMIC COEFFICI-
ENT CORRESPONDING TO CRETAIN
AMOUNT OF PERMANENT DISPLACE-
MENT DUE TO EARTHQUAKE GROUND
MOTION

Plotting the horizontal sliding permanent
displacement per a period of sinusoidal ground
motion (D) and the duration of F; under
unity (¢;) in logarithmic scale respectively
Fig.8 has been obtained. The regression
curve is expressed as follows

0.29
td:1.67'<%€> (8)

Above relationship is independent of the
scale and location of sliding circle, the
period of ground motion and the amplitude
of ground acceleration smilar to Eq. (5).
Denoting the sliding permanent displace-
ments and the durations of F; under unity

Tab_le 3. Residual displacement calculated
from proposed method (case : E 300)

i i Error (4
(ouing | Rl | Ngmeel | Trer 0

, Dy*(em) Dg(cm) ] ~Dp
1 33.643 21.664 *55.3

2 54.062 41.611 29.9

3 110. 860 125.587 -11.7

4 54.667 44.530 22.8

5 21.447 14.909 44.1

6 23.954 28.088 —14.7

7 15.431 14.324 7.7

8 4.054 3.262 24.2

9 5. 662 3.566 58.8

4lse0
[y 029
=167 ,
Lt %} | I~ . 825
D1
010 HOPE
(O =om)
J By Ao [e]
ot —F %)
5
00il :
165 165 168 & 153

Fig. 8. Relationship between duration of
F,<1 (ty) and permanent displacement
(Dp) against sinusoidal ground motion

generated by the ground motions of observed
accelerograms as shown in Table 1(b) by
D; and ¢, respectively, and plotting all of
them calculated for all potential sliding
circles as shown in Fig.4 in logarithmic
scale too, Fog.9 has been obtained. The
regression curve is expressed as follows

D 0.435
t,=10. 7(&’) (9)

Above relationship is also independent of
the scale and location of sliding circle, the
peak ground acceleration and even the
sorts of accelerograms in the extent of those
shown in Table 1(b).

Assuming that any ground accelerogram
is replaced by “N” waves of the equivalent
sinusoidal ground motion so as to generate
same amount of sliding permanent displace-
ment as D, and letting the duration of Fi
under unity per a period of this equivalent
sinusoidal ground acceleration be expressed

t5(se0 T ITTTTT
4 T
N D£10435 |
[tf 107 (28 i
1.0 A,Q"A
RS
O E(3001 >
® E(200 e
A HI450) A ™~
A HB300 Ld
e
/’/”/’5
0.l ]
1o
\.d
10 1# 16 _ Df 162
H

Fig. 9. Relationship between duration of F|
<1(t;) and permanent displacement (D,
against earthquake ground motion
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by ¢4 then ¢, in Eq. (9) becomes
t;=N-iy4 10

Eliminating ¢, and Dy from Egs. (5), (8),
(9) and (10) a relationship between the
sliding permanent displacement due to ground
earthquake motion (D;), the number of
equivalent sinusoidal ground waves (N) and
the amplitude of the equivalent instantaneous
seismic coefficient on arbitrary sliding circle
(k.r,) due to the equivalent sinusoidal ground
motion has been derived as follows

Bom -9 =373- (Df>o.sa,N—1.45
where H=153 (m) has been substituted in
Eq.(9). Rounding up the exponents of
D; and N in conservative side, following
expression has been obtained.

kom9=373- (Dy)¥%. N-¥2
Expressing the term of D, in non-dimension-
al one above equation can be expressed as
follows

Eom-g=123-g- (%ﬁ) N2 an

With above equation we have obtained a
diagram concerning k., and D, as shown
in Fig.10.

ALLOWABLE EQUIVALENT SINUSOI-
DAL GROUND ACCELERATION COR-
RESPONDING TO GIVEN CRITICAL
DEFORMATION AT CREST

Consideration on the Effect of Non-Linear
Dynamic Constants

The dynamic values of materials used in
calculations of the numerical experiments in
this paper have the characteristics of parabolic

Xem N2 3

| ]

177

0 50 100 150 200 250 300

Of temp

" Fig. 10. Relationship between k., and D,

strain amplitude dependency and are written
by the following equations

G 1 e .
GO =17 T Tand h=h,- 1+T/Tr+h2 ‘(12)

Eliminating the term of strain from above
equations following expression can be derived

h=h1~<l—'—G£o>+h; o as

where G, is dynamic shearing’ modulus of
micro-strain amplitude, %; is maximum value
of the damping constant mesured in the
dynamic tri-axial compression test and A,
is the damping constant due to dissipation
of vibrating energy to ground assumed from
eqrthquake observations and vibration tests
on prototype dams.

The fundamental period of fill dams in
the plane. strain condition was derived by
Matsumura: (Matsumura, 1934) . and is ex-
pressed by the following equation

T,=a* +/p/G-H =(14)

period for
following

Expressing the fundamental
micro-strain amplitude by 7T,
equation is derived from Eq. (14).

G T, o>
&= (15)
Denoting the deviation of the {fundamental
period due to non-linear material properties
by “z” as follows '
TI_TI,O
TI.O
and substituting it into Eq. (13) with Eq. (15)
following equation can be derived

h=hy- {1”(—@1-—7?-}%2 amn

Limiting the discussion within the response
characteristics of dam body near the crest,
the magnification factor of response accelera-
tion in resonance is approximately expressed
by % in following form.

A, 1

M=—A—(‘)’—“§Z

The magnification factor decreases as the
amplitude of ground acceleration increases
as shown in Fig. 1l which has been obtained
from the numerical experiments in this paper

=zor T1=T, . (1+7) (16)

(18)
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40 T 1 ] periods of ground motions larger than 0.375
N lfgﬁxg::xg: of e o rest (s) as seen in Fig.1l that we can use the
<o M same equation for the relationships between
< \\ M and A, in above cases. Thus we assume
T &\ that the change in k,, with A, under con-
20— s B S stant value of T arises only from the varia-
®T: 0.2 . .
tion of the fundamental period due to
0T:0250 |“O~__| . . .
MOl A1: oas S material non-linearity.
27T 050 Based on above assumption, the response
| P B characteristics of the sliding masses of
o loo 200 300 400 500 600 which potential sliding circles are shallow
5o ‘1 gal = 0.01 w/s { Fo Irgan I and located near the crest, that is, those
g T m of sllfilng circles No.2 and No.3 have b(.een
g \@\4 Ao : examined. Each value of T, corresponding
_ I to A, at the column of sliding circles No. 2
o O o and No.3 in Table 2 has been calculated
== according to Eq. (16) and Eg. (20). Plotting
05 k.. glA, against T/T,; Fig.12 has been ob-
tained. The regression curve has been
derived as follows
0 100 200 300 400 500 600 .
——Ao (gab ke:z g =57 (1—-T/1T STT0.446 21)
Fig. 11. Amplification factor of response 0 e 1 :

acceleration at crest

and is very similar to the one obtained in
dynamic model tests conducted before
(Watanabe, 1977). The regression curve
for the relationship between M and A4, can
be written in the following form.

M=M,-exp(—f-A,) 19

Substituting Eq. (18) with Eq. (19) for Eq.
(17), following equation concerning the
deviation of the fundamental period due to
material non-linearity has been derived.

o= g e M e B A0y
2(h1+h2>~M0-~exp(~—B°A0)——l

(20)

Owing to the non-linearity of dynamic
constants of materials all response character-
istics of dam body, as well as fundamental
period T, vary with the change of the
amplitude of ground acceleration though its
predominant period is kept constant. So
that, as we have seen in Table 2, &,
changes with A, under constant value of T.
However, the values of the magnification
factors at near the crest (A, A, are so
close to each other in the cases of the

In above calculation of 7T, the values of
h, and h, have been adopted to be 0.23 and
0.05 respectively which have been applied
to the numerical experiments in this paper.
The values of M, and g are 4.59 and 2x1073
respectively as shown in Fig. 11.

The average value of dynamic shearing
modulus for micro-strain amplitude G, all
over the cross section of the analyzed
rockfill dam has been about 5870 (kgf/cm?,
575260 kPa) and the average density has
been 2.0 (gr/fcm?® Mg/m?®), so that the
average velocity of shear wave over the

cross section is about 536 (m/s). The height
30 |
Kem-9 Kem-9d ]
Ao l Ap 272 (1-T/T| % + 0.446 ]'—
N
O~
20 o0&
o
o
- ,’A
1.0 /’o/ ©
,,,,,, g A Sliding Circle 2
[J— 8 - o) ” ” 3
0 0.5 0.50 575
T
T
. Lo Bon T
Fig. 12. Relationship between _2;1@,9_ and?—
0 1
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of this rockfill dam section is 153 (m), but
the depth of cut off is about 10 (m).
Therefore the height of shear wedge should
be regarded as about 143 (m). Then the
fundamental period for micro-strain ampli-
tude (7T, has been estimated to be 0.7
(s).

Equivalent Sinusoidal Ground Motion for
Earthquake Motion

The accelerograms of earthquake motions
are generally irregular time histories in both
periods and amplitudes and the main factors
specifying them are maximum acceleration,
predominant period and duration. The
synthetic effect of these factors on a structure
can be shown by response spectra.

Inputting 11 different accelerograms to
the bases of different sorts of grounds at
31 sites in Japan of which layer structures
are known, total 341 accelerograms at these
surfaces have been calculated with the
multiple reflection theory. These 11 ac-
celerograms are the popular ones which are
usually applied to the seismic designs for
various sorts of structures, that is, Ofunato
1978 ES, the same NE, Kaihoku-Bridge 1978
TR, and the same LG in the 1978 Miyagiken-
Oki Earthquake, Taft 1952 EW, the same
NS, Olympia 1949 EW, the same NS, El
Centro 1940 EW, the same NS and Golden-
gate 1957 EW. Above 31 grounds have
various sorts of layer structures so that the
predominant periods of the accelerograms
calculated with the multiple reflection theory
at the surfaces are distributed in the range
as wide as possible. Adding 208 accelero-
grams observed by the Ports and Harbours
Research Institute, the Public Works
Research Institute, etc. to above ones, total
549 accelerograms have been prepared.

Acceleration response spectra of above 549
accelerograms have been calculated with the
damping constant of 0.05, and peak value
(S, and its predominant period (T,) for
each of calculated spectra have been obtained.
The ratio of S, to the maximum value
of corresponding accelerogram (A,) and T,
have been plotted taking S,/A,, in logarith-

Digitized Strong Motion Earthy
° Acgce!erograms |gnMJapa'1E 1972 ake| 82

Steady State Technical Note of The Port and
/‘Smusondai Response | @ |Harbour Res lggt 80, 98,16, [i06

10 136 160
ot A Technnca! Memorandum of The 20
Sp 8 - Public Works Res. Inst. No 876
Pos7 |- /— Resonant Sinusoidal | © [One of The Authors Ba1
6= °

w
™o

[
2%
~ SA + Maximum value of Response
Spectrum (Acc)

Aos: Peak Ground Acc.
] 1 1 1 k3 1 1 Il 1 1
0l 02 03 04 05 0607080910

Predominant Period Tp(sec)
Fig. 13. Response spectra of sinusoidal mo-

tion and observed accelerograms

mic scale as the ordinate and 7, also in
logarithmic scale as the abscissa, then Fig. 13
has been obtained. It will be seen that the
predominant periods of above accelerograms
are distributed in the range from about 0.1
() to 2.0 (s). So that, it may be said
that above range is sufficiently wide to be
considered to contain general characteristics
of the predominand periods of earthquake
motions for dams.

From Fig.13 it can be concluded that the
maximum response accelerations of observed
accelerograms are at most about 50 to 60%
of those of steady state sinusoidal motions.

Inversely, the amplitude of steady state
sinusoidal ground acceleration which gives
the same value as the wupper bound of
response spectra of above 549 accelerograms
is only to be 50 to 60% of the peak value
of corresponding accelerogram. Besides, it
will be observed in each accelerogram of
which maximum value of response spectrum
is plotted near around the upper bound that
the number of waves of which peak values
exceed 50 to 60% of the peak acceleration is
7 to 8 and more.

On the other hand, the maximum response
spectrum of sinusoidal motion with resonant
frequency is 1/2h (1—e™%), where N is
the number of waves, and its value becomes
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to be more than 90% of steady state one
for N of 8 and more. That is, such
sinusoidal motions can be approximately
régarded as steady state ones. All waves
being included in above number of waves
are not necessarily to have same frequency,
so that above sinusoidal motions tend to
produce excessive values of response spectra,
that is, the ones in conservative side.

As for the accelerograms of which

maximum values of response spectra are
small faway from the upper bound, the
amplitudes of steady state sinusoidal motions
producing the same response spectra must
be considerably lower than above one, and
so adopting the same level as above one
for the amplitudes - the corresponding
number of waves become to be smaller.
These accelerograms may be said to have
only a little ability to generate tha sliding
in the dams.
Thus, we propose in this paper that 0.5
to 0.6 of the maximum acceleration of design
earthquake motion and the number of waves
(N) of which peak values exceed above
value should be adopted as the amplitude
and number of equivalent sinusoidal ground
acceleration. And it will be natural to
adopt the predominant period of original
motion for the period of the equivalent
sinusoidal one.

Allowable Sinusoidal Ground Accelaration
Corresponding to Given Critical Deformation
at Near Crest

Representing amplitude of -acceleration,
predominant period and number of repetition
of the equivalent sinusoidal ground motion
obtained above as A,, T (for T,) and N
respectively and substituting Eq. (21) into
Eq. (11) we have obtained following expres-
sion.

B _-14 __/2'<Df>3/5
Ao—335-g[(1 Tl> +0. 164]N ve( Dy

(22)

If the allowable sliding displacement at near
crest D, is given we can estimate the
critical amplitude of equivalent {sinusoidal
ground acceleration from Eq. (22) with each

R w/s?

- )
N\ \ A} ]
Aodal » \\\ \\ \\ \\ \\ \\ [ | I
\ \
500 AN A\ N Dy =2501(cm)
AL NN | e Or=I50 ||
N\ N\ N N f
\
k \\ N N \\ N \ N=
400 A AN S — -
\, AN
N N N \

300

200 Bon
Dy €0
R3S S
100 [ 7 o
H
I I ]
0 0.1 0.2 0.3 04 0.5 06 0.7 0.3 09 . 1.0
' W
Fig. 14. Allowable equivalent sinusoidal

ground acceleration corresponding to
given eritical deformation near crest

value of parameters N and 7'/T,. Examples
thus calculated for the cases of D;=250 (cm)
and D;=150 (cm) are shown in Fig.14. In
the figure letting D; be a margin height
of a dam and letting 100-«% of D; be the
allowable settlement due to sliding, then
the allowable horizontal displacement Dy
may be approximately estimated as a-D;
(B/H) where H : B represents the slope of
the surface of a rockfill dam. Assuming
the margin height to be 2 meter, then D,=
250 (cm) is to be corresponding to the
allowable settlement due to sliding of about
48% of the margin height.

The validity of Eq. (22) has been examined
for the cases E(300) and E(200) in Table 1.
In these cases the predominant period of
El Centro 1940 NS (T) and the number of
waves of which peak accelerations exceed
0.6 of the maximum acceleration (A, have
been estimated to be about 0.5 (s) and 8
times respectively, and the values of T/T,
have been estimated from Egs. (16) and (20)
as to be 0.524 for the case E(300) and 0. 560
for the case E(200) respectively by putting
A, equal to 0.6 A, The values of D; of
the mass on potential sliding circle No.3
where the maximum displacement has been
generated among all potential circles have
been calculated to be 125 (e¢cm) for the case
E(300) and 87 (cm) for the case E(200) as
shown in Table 3. Substituting these values
into D, in Eq.(22) and putting N equal to
8, then the value of A, has been calculated
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1 gal = 0.01 m/s2

500 I I [
D¢ =i25(cm}|[ Ap: Amplitude of Sinusoidal
Aplgal) N =8 Ground Acc.
PFos: Peck Ground Acc. i
400 N2 Number of Waves
-_Df = 871(c larger than 06A0s
N =8 Ds: Critical Deformation
300 \
20010 6 AGEIE3Q0) )
106 Aos L(E200 g o
100
0.524 — 0.560
0 0.1 0.2 03 04 05 08 . o7 08
)
Fig. 15. Equivalent sinusoidal ground ac-

celeration generating same deforma-
tion as one due to earthquake motion

for each value of T/T,. Above results have
been shown in Fig.15 by solid lines. The
values of 0.6 A, for above two cases have
been superimposed in Fig.15. It may be
seen that the agreement is well.

CONCLUSIONS

Summarizing the above discussions the
following conclusions have been obtained.

(1) The relationship between the factor
of safety (F,) and the equivalent instantane-
ous seismic coefficient (%,) at every moment
obtained from dynamic response analysis of
rockfill dams coincides well with the one
between the factor of safety and seismic
coefficient  obtained from  conventional
pseudostatic method, that is, the factor of
safety with respect to sliding is to be nearly
equal if only the load or the seismic
coefficient applied to the sliding mass is same,
though the method of analysis is different.

(2) A simple formula concerning with
the relationship between the horizontal
sliding permanent displacement per a period
due to sinusoidal ground motion (Dp),
duration ot sliding (¢,) and the amplitude
of the equivalent instantaneous seismic
coefficient (4,,,) of arbitrary sliding mass has
been obtained and written in the following
form.

Dy= (ke ) 18

Above formula is independent of the scale
and location of sliding surface, the period
of ground motion and the amplitude of
ground acceleration.

(3) A simple formula concerning the
relationship between the sliding permanent

displacement due to ground earthquake
motion (D), the number of equivalent
sinusoidal ground waves (N) and the

amplitude of the equivalent instantaneous
seismic coefficient on arbitrary sliding circle
(k) due to the equivalent sinusoidal ground
motion has been obtained and written in
the following form.

3/5
kem'g:123'g'<*pljf‘>

(4) With acceleration spectra calculated
on 549 accelerograms with the damping con-
stant of 0.05 it has been clarified that the
maximum response acceleration of observed
accelerograms are at most 50 to 60% of
those of steady state sinusoidal motion and
it has been proposed that 0.5 to 0.6 of the
maximum acceleration of design earthquake
motion should be adopted as the amplitude
of equivalent sinusoidal ground acceleration
and that the number of the waves of which
peak acceleration exceed above value with
the predominant period should be adopted
as the duration.

(5) A simple formula concerning with
allowable sinusoidal ground acceleration
corresponding to given critical deformation
at ‘near crest has been obtained in the
following form.

— 295, _ T - D\
A,=335 g[(l T1> +0, 164:IN ”2‘<“H‘>

A diagram concerning to above relationship
has been proposed.

,N—3/2

NOTATION

Ay, A,=amplitudes of steady state sinusoidal
accelerations at the base and the crest
of dam respectively

Ajs=the maximum acceleration of ground
earthquake motion

D;=sliding permanent displacement due to
earthquake motion
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Dgp=sliding permanent displacement per a
period due to sinusoidal ground motion
Fg=factor of safety
G, Gy=dynamic shearing moduli of arbitrary
strain;amplitude and micro-strain ampli-
tude respectively
g =acceleration of gravity
H =height of dam
h =damping constant of dam materials
ny, hy=maximum value of damping constant
measured by dynamic .tri-axial compres-
sion test and radiating dissipation damp-
ing constant respectively
k.=equivalent instantaneous seismic coeffic-
ient .
k.m=amplitude of %, due to.sinusoidal ground
motion
ky=horizontal seismic coefficient
Ep=yielding seismic coefficient
l;=length of sliding line cut out by the
th element
M=AJAo=Mo exp(—B-Ao)
m=mass on a potential sliding surface
N =number of sinusoidal ground waves
equivalent to earthquake motion
Si=peak value of acceleration response spec-
tra
T or Tp=predominant period of earthquake mo-
tion
T,=fundamental periof of fill dam
Ty o=fundamental period of fill dam for micro-
strain amplitude
ty=duration of sliding per a period due to
sinusoidal ground motion
ty=duration of sliding due to earthquake
ground motion
a(x,y)=response acceleration on any point in
sliding mass
B =coeflicient in the exponent of M
*=angle between the radius of the sliding
circle passing through the center of grav-
ity of sliding mass and the vertical
7 =amplitude of shearing strain

“Z'” -

rr=reference strain
o(x, y)=density on-any point in sliding mass

7= =deviation of the fundamental period due
to non-linear material properties

T,=acting shearing stress along sliding sur-
face

Tpy=resisting shearing stress along sliding

surface

¢ =angle of internal friction
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