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Introduction

The study of rigid body motion is important in the consideration of the behavior of dam under
earthquake motion. Discrete blocks can be formed during the earthquake and the response of
these blocks to subsequent earthquake motion is an important consideration. Research on the
response of rigid bodies has been done since the late 1890's, although tools to predict the
response of rigid bodies are scarce. The nonlinear capabilities of ABAQUS are studied here to
understand how closely it can model the rigid body motion of a block compared to the
theoretical solutions posed thus far.

Theory

A) Critical accelerations and friction factors

Consider a block of base width B, height H, weight W, (See Figure 1) Assume the coefficient of
friction between the base and the supporting plane is p. If a horizontal acceleration of a, is

applied to the supporting plane, overturning will occur when the moment of horizontal inertia
about one edge is greater than the restoring moment due to the weight of the block.
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This implies that overturning will occur when:
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For this to be true the coefficient of friction must be great enough to ensure that the block won’t
slide. When

g g (1.3)
or
n=2 (1.4)
g

the block just begins to slide. When



(1.5)

or.
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the block will overturn before it slips.
B) Tall slender bodies
1) Constant acceleration

Housner developed the equations of motion for tall, slender structures in 1963 [1]. The equation
of motion for a tall, slender block subjected to a constant horizontal acceleration of finite
duration is found to be:
2
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(1.7)

where I, = moment of inertia about the base edge of a body, 0 = the angle through which the
body has rotated, m = the mass of the block, g= acceleration due to gravity, r = the distance from
the center of the block to the center of rotation, and ¢ = the angle between the vertical edge of the
block and the line from the center of the block to the center of rotation (see Figure 1).

For a tall, slender block, B/H approaches «, and the solution to this equation with initial
condition equal to zero (ie 8 =d0 dt=0att=0)is:

0 a -
E_(E 1)(coshnt-1) (1.8)

where:
n=/(mgryiI,

As B/H approaches ¢, the limiting value for the acceleration amplitude before overturning
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initiates becomes a*g. (See Eq. 1.2) If a/g is equal to a, the solution is zero, and the block will
not overturn. If a/g > o, and if the acceleration acts for a sufficient time period, the block will
overturn. For each value of a , there is a time t, , during which the acceleration can generate a
velocity sufficient to overturn the block. Overturning will ocour when the total work done by the
inertia force, ma, is just equal to the difference in potential energy between positions 8 = & and
8 = 0. This leads to the solution:

coshnt =1 —_1 (1.9)
22 (2 -1
gx g

Figure 2 shows a plot of accelerations and the time period the acceleration must be applied to
cause the block to tip. To obtain the plot shown in Figure 2, various values of x = nt were
assumed and y = cosh( nt ) was calculated. Given Eq. 1.9, the value of constant acceleration a
can be calculated. Conversely, given a constant acceleration, a, the time t=nt/n in which a block
will overturn is known. An acceleration a > (B/H) g ,-acting for the time period, t, will cause the
block to overturn.

2) Sinusoidal acceleration

When the input motion is a sine wave, expressed by a(t)=-a sin (27/T) t+ 0), the relationship
between the input motion and the characteristics of the block is:

2
a 2T

I
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where a is the amplitude of the sine wave and T is the period. This equation can be solved for
various accelerations and half periods, just as was the case with Eq. 1.9. Figure 3 shows the
input half sine wave and the relationship between the amplitude, a, and the period of the sine
wave, T. Note that as T gets larger, the amplitude approaches the limiting value of g*e. In the
case of a sine wave, when the amplitude, a is greater than g*o, as a increases, the half period, t=
T/2, (the time in which tipping will be initiated), approaches zero and when a approaches g*c,
the half period, t, (the time in which tipping will be initiated) approaches infinity.

3) Earthquake acceleration

The response of a block to earthquake acceleration is similar to, but much more complicated than
the response to either constant or a half pulse sine wave acceleration. It is possible that a series
of pulses, even with accelerations less than (B/H)*g or a*g could overturn a block or that a
series of pulses with accelerations greater than (B/H)*g or a*g could rock but not overturn given
block. At best, probabilities of these events can be speculated upon. Housner [1] developed
equations which help predict the behavior of a block based on. it’s size, r (see Figure 1) and the
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velocity spectral intensity of the applied motion. These equations are restated in a study by Yim,
Chopra and Penzien [2] in which the response of a rigid block was assessed using a computer
code developed for their study. For a given pseudo spectral velocity, S,, the equation describing
a 50 percent probability of being overturned is:

a= ;_ xyf(mr 2 (2.1)

gr

For rectangular blocks, I, = (m/3) ( B>+ H?) and r = (%) ( B*+ H*) , so this becomes:

S, (2.2)
0,=0.866 *
Ve
For tall slender blocks, this equation approaches:
SV
o=

(2.3)

The spectral velocity needed to overturn a block, increases with increasing size, as measured by
r, for a constant ratio, B/H and increases with increasing slenderness ration B/H, for a constant
r. This is shown in Figure 4. Recall that the block in question is a rigid block, so the
fundamental period of the block is zero. Therefore, the spectral velocity discussed here is for a
period of zero. The blocks modeled here using ABAQUS are not perfectly rigid but have
relatively high fundamental frequencies (for block where B/H=1, the fundamental frequency is
512 Hertz, for the block where B/H=0.2, the fundamental frequency is 30.5 Hertz).

C) Block with ratio B/H=1

Studies were undertaken using a deformable block with the dimensions B=2 and H=2. The
block was comprised of 8 deformable elements of type CPE4R: a reduced integration, 4-node
plane strain element. This block rested on a two-dimensional, rigid surface (element type
R2D2). The following values were assumed for this analysis: mass density of the block, 8= 10,
the stiffness of the block, E=1x10°, friction, p=2.0. Damping was not included.

1) Constant acceleration

Gravity was ramped on in one second, followed by a constant acceleration applied to the base
which was ramped on in 3 seconds and then held constant. Initially tests were run (on a block
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with B/H = 0.2) to determined the effect of ramping on the acceleration vs, applying it all at
once. Results of these tests showed that when the acceleration was applied instantaneously,
accelerations and reactions forces spiked and then fluctuated in a diminishing manner about the
values resulting from ramping on the acceleration. Displacements were not perceptively
different and velocities converged quickly. (See Figure 5) This indicates that the acceleration
should be ramped. In all subsequent runs, the constant acceleration was ramped on.

~ The rigid base on which the deformable block (B/H = 1) rested, was subjected to two different
magnitudes of constant acceleration, from the left to the right. These included accelerations
which were less than (B/H)g and greater than (B/H)g . The response of the deformable block
was monitored. To determine if and when the block began to tip, the vertical acceleration and
displacement of the lower left hand corner was considered, as well as the reaction forces at the
five nodes along the base.

Figure 6 shows the results from the analysis in which the applied acceleration in the horizontal
direction is less than (B/H)g. Figure 6a shows the applied horizontal acceleration and the
vertical acceleration of the lower right-hand corner of the block. Note that the acceleration of the
corner fluctuates around zero. The vertical and relative horizontal displacement of the lower
right-hand corner is shown in Figure 6b. Note that the movement shown here is very small and
is only the “chattering “ of the corner against the rigid base as the acceleration is applied to the
base. Figure 6¢ shows the variation in the reaction forces along the base. The leading three
nodes are lifted off the rigid base, while the back two nodes continue to be in contact, to different
degrees. Figure 6d shows the displaced shape of the block, magnified 3000 times, 2.75 seconds
_ into the constant acceleration. As predicted by the above equations, the block does not tip.

Figure 7 shows the results when the constant horizontal acceleration is greater than (B/H)g. In
this case the block is expected to tip. Figure 7a show the applied horizontal acceleration and the
resulting vertical acceleration of the lower right-hand corner. Note that unlike the previous
example, this time the resulting acceleration continues to increase beginning at 4.0 seconds,
when the applied acceleration has first reached its maximum value. The movement of the lower
right-hand corner is shown in Figure 7b. Note that the lower right hand comer is moving up and
to the left as would be expected when the blocks tips. In Figure 7c it is seen that between 3.5 and
4.0 seconds the total reaction force is experienced by the lower left-hand corner of the block.
Figure 7d shows the displacement of the block magnified 10 times, at the time when the
acceleration has first reached is maximum value. The block has begun to tip.

2) Sinusoidal acceleration

Next, this block was subjected to two sine wave accelerations, one in which the amplitude was
less than (B/H)g and one in which the amplitude was greater than (B/H)g. The results of the first
analysis are shown in Figure 8. It is clear from this figure that the block does not tip, although
the contact between the base of the block and the rigid surface “chatters”.

Finally, the block was subjected to a sine wave acceleration in which the amplitude was greater
than (B/H)g. The results of this analysis are shown in Figure 9. A comparison of the input
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horizontal acceleration and the resulting vertical acceleration of the lower right-hand corner is
shown in Figure 9a. Figure 9b compares the input acceleration with the lateral movement and
vertical movement of the lower right-hand corner and of the block. As would be expected the
reaction force at the lower right hand corner diminishes to zero and the reaction force at the
lower left hand corner increases. As seen in Figure 9d, the block has begun to tip.

D) Block with ratio B/H = 0.2

This block was modeled as a deformable body, consisting of forty elements of type CPE4R: a
reduced integration, 4-node plane strain element. (See Figure 10) This block rests on a two-
dimensional, rigid surface (element type R2D2). The following values were assumed for this
analysis: mass density of the block, 6= 10, the stiffness of the block, E=1x10°, gravity, g = 100.
The coefficient of friction, p, was assumed to be 0.6 which is greater than B/H.

1) Constant acceleration

The first analysis was done using an acceleration equal to 19, which was less than (B/H)*g.
Gravity was ramped on in one second, followed by a constant acceleration applied to the base
which was ramped on in one second and then held constant. As was true with the previous
model, the acceleration of the rigid base was left to right, so if the model were to pivot, it would
be about it’s lower left-hand comer. Therefore, overturning was monitored by checking the
vertical displacement and acceleration of the lower right-hand comner of the model, the
horizontal displacement of the lower right-hand corner and the reaction forces at the lower left-
hand corner of the model. The results of this analysis are shown in Figure 10. The block
wobbled but did not overturn. The chattering of the lower right hand corner of the model can be
seen in Figure 10b. Notice in Figure 10a that the acceleration oscillates around zero and in
Figure 10b that the vertical displacement of this corner oscillates about 0.6 x 107 . As the rigid
base is accelerated to the right, the leading corner vibrates, but the block remains upright.

Next the acceleration applied to the rigid base was increased to 21.94, which is greater than
(B/H)* g. According to Eq. 1.9, the block should overturn in 0.6 seconds. The block begins to tip
and after 0.8 seconds (this is equivalent to 3.8 seconds in the plot), the block has reached the

point where it will continue to overturn. Figure 11a and 11b show the increasing vertical
acceleration and the increasing vertical and horizontal displacement of the lower right-hand

corner of the model Note that as seen in Figure 11c, as the block rotates around that corner, the
reaction force at the lower left-hand comner increases to 20000, the weight of the block, and then
begins to diminish as the block continues to overturn. Figure 11d shows the position of the block
0.8 seconds after the acceleration of the rigid base has reached it’s maximum value.

2) Sinusoidal acceleration

The same model was then subjected to various sine wave half pulse accelerations. First a value
of acceleration amplitude, a less than a*g was selected. The half period, t was chosen to be very
high. Recall that when the acceleration amplitude, a is less than «*g, there is no solution.
However, as a greater than «*g, approaches a*g, the half period, t necessary to initiate tipping,
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gets very large. The results of the a < w*g analysis are shown in Figure 12. A comparison of
the applied acceleration and the vertical acceleration of the lower-right hand corner of the model
(Figure 12a) shows that the corner accelerates up and down, oscillating about zero. As can be
seen, the lower right-hand corner of the model raises up off the rigid base very slightly, but no
tipping is initiated. The plot of the reaction forces along the base also indicates this and shows
that the three leading nodes of the base lift off the rigid base for a short while.

Next an acceleration amplitude slightly greater than a*g was applied to the model. The sine
wave half pulse was determined for this amplitude to be 2. The results of this analysis are shown
in Figure 13. The first plot shows a comparison of the applied acceleration and the vertical
acceleration of the lower right-hand corner of the model. The acceleration of that corner
ihcreases to a maximum and then begins to decline. Figure 13b shows that the lower right hand
corner lifts off the base as the block tips and then comes back down. This is also shown in the
plot of reaction forces. In this case the block begins to tip, but does not overturn.

Finally, a half pulse sine wave with amplitude much greater than o*g was applied to the model.
As is expected, the half period is very short (t = 0.3). However, the behavior of the block 1s
similar to that of the previous example. (See Figure 14)

3) Earthquake acceleration

The tall, slender block used in the previous analyses was next subjected to time history
earthquake motions. Based on Eq 2.2 the spectral velocity necessary to indicate a 50% chance of
overturning for this block was S = 5.136. In order to simplify calculations , the acceleration due
to gravity, g, was assumed to 100. The program RESPONS, modified to correct the value of g to
100, as used in this study, was used to determine the spectral velocity for the earthquake chosen
for this analysis. The first 5 seconds of the Pleasant Valley Pumping record, with a peak g of
0.34 was used. The record was recorded updip of the fault rupture of the 1983 M 6.5 Coalinga
blind thrust earthquake in the switchyard of Reclamation's Pleasant Valley Pumping Plant. The
acceleration record was integrated to determine the velocity record. The block is very stiff,
having a fundamental frequency of 30.5 Hertz. Because the block was very stiff, the value of the
spectral velocity was assumed to be the maximum value of the velocity time history. Itis
possible to increase the spectral velocity of the record by multiplying the amplitude of the
acceleration record, and therefore, also the velocity record, by a constant. The peak velocity for
the record (using a value of g=100) was v=1.63. This is equal to 31.7 percent of S, . Therefore,
three analyses were run: the first using the acceleration record as is; the second using the
acceleration multiplied by 3, resulting is a value of v = 4.89 or 95.2 percent of S, ; and the third
using the acceleration multiplied by 5, resulting in a value of v = 8.15 or 158 percent of S,. The
response of the block to these three variations of the acceleration record were studied. Figure 15
contains plots of the original acceleration and velocity records, the original acceleration and
velocity records multiplied by 3 and the original acceleration and velocity records multiplied by
5. The velocity response spectra for these three cases is also plotted.

In the first case, where the maximum velocity was 31.7 percent of S, the block began to rock but
did not overturn. The results of this analysis are shown in Figure 16. A comparison of the
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vertical displacement of the lower right hand corner and the lower left hand corner is shown in
Figure 16b. This shows that the block is rocking back and forth. Figures 16¢ and d show the
block as it rocks to the left and back to the right for the last time. Figure 16e compares the
vertical accelerations of the corners with the input acceleration. Figure 16fis a plot of the
horizontal and vertical displacements of one corner. It shows that the corner lifts off the rigid
support, but does not move horizontally with respect to the base. Figure 16 g compares the
vertical velocities of the two lower corners and figure 16h shows the vertical reactions at the
corners as the block rock back and forth.

When the spectral velocity was increased to 95.2 percent of S,, the block rocked back and forth
only three time before it overturned, 3.97 seconds into the acceleration record. Figure 17b show
the vertical displacements of the two lower corners as they alternate lifting off the rigid support.
Figure 17 ¢ and d show the block as it rocks to the right for the last time and then tips over to the
left. shows Figure 17e compares the accelerations of the two lower corners and figure 17f
compares the vertical and horizontal displacement of one lower comer. The vertical velocities of
the two lower corners are compared in figure 17g and the reaction forces at the corners are
compared in figure 17h. Note that following the overturning of the block, reactions at these two
locations are zero.

Finally, the spectral velocity was increased to 158 percent of S,. For this analysis, the block
rocked twice before it overturned, 2.94 seconds into the acceleration record. Figure 18 b show
the vertical displacements of the two lower corners as they alternate lifting off the rigid support.
Figure 18 ¢ and d show the block as it rocks to the right for the last time and then tips over to the
left. shows Figure 18e compares the accelerations of the two lower corners and figure 18f
compares the vertical and horizontal displacement of one lower comer. The vertical velocities of
the two lower corners are compared in figure 18g and the reaction forces at the corners are
compared in figure 18h. Note reactions at these two locations are zero following the overturning
of the block.

E) Hoover model

Non-linear dynamic cracking analyses showed that with normal reserveir elevations an
independent block could form at the top of Hoover Dam during earthquake excitation.[3]. A two
dimensional model of this block was created using plane strain elements. It should be noted that
arch action was not modeled in this study. As the dam experiences the earthquake motion, the
contraction joints open and close. When the joints are closed, the block would be under
compressive loads and movement would be restricted. In addition, friction forces along the sides
of the block have also been ignored for this study. Therefore, movement here is much greater
than that which would be expected in a three dimensional analysis which considered arch action
and friction on the sides of the block.

Time varying accelerations, taken from the response of the dam at the base of the block, as
determined by EACD3D [4] were applied to the rigid base on which the model rested. These
accelerations and the corresponding velocities are shown in Figure 19. Also shown in this figure
is the velocity response spectrum for this motion. Laboratory tests found that an apparent
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cohesion value of 91 Ib/in? and a friction angle of 47 degrees were appropriate for the concrete at
Hoover Dam. The ABAQUS friction model uses only the friction angle and does not consider
cohesion. For this model a friction coefficient of 1.1 was applied to the surface between the rigid
base and the block. ABAQUS calculated the mass moment of inertia about the centroid for this
two dimensional model to be 1.128 E+08. The mass of the block was 331.5 pound-second’ /
inch. For this analysis the concrete material properties were modulus of elasticity, E=3.0 x
10°1b/in’ and a density of 150 1b/ft’. The model is shown in figure 20.

The fundamental frequency of the block was 6.20 cycles/second and so the fundamental period is
0.16 seconds. This block is much less stiff than the rectangular block discussed previously.
Figure 21 shows the fundamental mode shape.

In order to determine «, it was assumed that the edges of the block were vertical. Then the angle,
a,, for the left-hand side of the model is 28.4 degrees or 0.496 radians. This satisfies the “tall,
narrow” block criteria since sin (28.4) = 0.476 = 0.496. The value ofr, is 962.8 inches. (See
figure 20) Using these values in Eq 2.1, the spectral velocity which will imply a 50 percent
chance of overturning is 9.44. Similarly, for the lower right-hand corner, the angle, a,, is 12.9
degrees or 0.2245 radians. This also satisfies the “tall, narrow” block criteria since sin (12.9) =
0.223 = 0.2245. The value of r, is 868.5 inches. (See figure 20) Using these values in Eq 2.1,
the spectral velocity which will imply a 50 percent chance of overturning is 4.80. From Figure
19, one sees that the spectral velocity at a period of 0.16 seconds is around 12.0 in/sec. This is
greater than either of the critical spectral velocities computed above, which implies that the
chance of overturning is high. However, this neglects reservoir loading on the block.

For the analysis, all of the loads acting on the block were included. Hydrostatic and
hydrodynamic pressure were input as pressure loads and vertical accelerations were included.
These loads are shown in Figure 19 with the time history velocity records and the velocity
response spectra. The behavior of the block is stable (see figure 22). The block moves to the
left (red line on Figure 22b) while the lower right hand corner bounces (green line, Figure 22b).
The lower left and lower right corners move up and down together, with the block tipped slightly
upstream and with the lower left corner bearing all the weight (see Figures 22g and 22h). The
block does not overturn.

Conclusions

ABAQUS/Explicit models the theoretical solutions for simple two-dimensional rectangular rigid
blocks very well. Predictions for the outcome of each analysis based on theoretical solutions
were achieved for constant, sinusoidal and earthquake accelerations. Even with a more
complicated and less rigid block, the response of the block appears to be within reasonable
limits. The extrapolation to three dimensions is less clear, however a two-dimensional analysis
can be used to “check” the results of a three dimensional study.
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volume=
mass density=
alpha= 0.197396
g= 100
m=mass density*vol 200
r= 5.09902
lo=m{b**2/12 + h**2/3) 6733.333
b= 2
h= 10
n = sqrt (mgr/lo) 3.891735
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volume=
mass density=
alpha= 0.197396 x=nt y=cosh(nt) t=x/n a(y)
g= 10 1.5431 0.8126 3.122752
m=mass density*vol 200 . 1.6685 0.8938 2.958882
r= 5.09902 . 1.8107 0.9751 2.824756
lo=m{b**2/12 + h**2/3) 6733.333 . 1.9709 1.0563 2.713460
b= 2 . 2.1509 1.1376 2.620053
h= 10 . 2.3524 1.2188 2.540909
n = sqrt {mgr/lo) 1.230875 . 2.5775 1.3001 2.473308
2.8283 1.3814 2.415167
3.1075 1.4626 2.364865
3.4177 1.5439 2.321123
3.7622 1.6251 2.282914
. 4.1443 1.7064 2.249410
cosh(nt)= 1 . 4.5679 1.7876 2.219931
2 * a/(g*alpha)[a/(g*aipha) - 1. 5.0372 1.8689 2.193915
5.5569 1.9501 2.170895
6.1323 2.0314 2.150478
6.7690 2.1127  2.132331
7.4735 21939 2.116174
8.2527 22752 2.101764
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Two copies of Figure 2 occur in original document. Similar duplicates exist for Figures 5 through 14.


mass density=
alpha=

m=mass density*vol

=

lo=m{b**2/12 + h**2/3)
b=
h=

n = sqrt (mgr/lo)
i p/n =
| acceleration amplitude =

1.570796
20

10
0.197396
100

200
5.09902
6733.333
2

10
3.891735
0.403624
4

—a
g * alpha

Given period, T
Calculate p/n = (2*pi/T)n

Knowing p/n

Caiculate a/(g * alpha) = Sqrt{1+(p/n)*"2}
Knowing g, alpha

Caiculate acceleration amplitude, a

6933,333

= Sqrt [ 1+ {lo/(mgn)} {2~ piT}"2]

Typical Acceleration input sine wave
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ABAQUS

ABAQUS

T T T T T T T T
40.F YIS
— A2N56_56 — U2N56_56
—— A2NS6_2_56 —— U2N56_2_56 -40r b
30.p0 -36F =
o o
< 5 320 4
z = .28} -1
S z2o0.- &
(é &b -
o
2 g .20 ]
10.1 - ot
§ = + 16|
A2k .
0. .08 A
XMIN 1.000E-03 XMIN 3.0098B+00
XMAX 3.801E+00 XMAX 3.801B+00 04 -~
YMIN -7.962B+00 YMIN 4.229B-05
YMAX 4.216BE+01 1 1 ] 1 | X YMAX 4.683B-01 .00 1 1 1
0 .5 1.0 1.5 2.0 2.5 3.0 3.0 3.2 3.4 3.6 3.8
TOTAL TIME TOTAL TIMB
Accelerati :
on of corner node Displacement of corner node
L10F T T T T T T
20.F
—— V2NS6_2_56 —— RF2_1_52]| [x10°]
—— V2N56.56 —— RP2_2.52
o8- «
. 16.t+
~ \
>
. .08k 3]
£ § 12.}
g 3
g .oab 5
7 3
8 g
o2}
XMIN 1.041E+00 XMIN 1.041R+00
MAX  3.117B+00 XMAX 3.801E+00 RS
YMIN -4.170E-09 YMIN 2.500B+03
YMAX 1.018E-01 ool 1 1 L YMAX 2.123E+04 L
1.2 1.6 2.0 2.4 2. 1.0 1.5 2.0 2.5 3.0 3.5

TOTAL TIME

Velocity of corner node

Reaction force at corner node

Figure 5°



lmogck
Note
Figures 5 through 14 occur twice in original document- first in black and white, and then in color. Some differences in title block text exist between the black and white figures and the color figures for Figure 5; all pages are shown as they exist in the original document.


ABAQUS

—— ALlN100_100
—— A2N56_56

XHIN 1
XMAX 7.
YMIN -9,
YMAX 9

Figure 6a Applied horizontal acceleration
Vertical acceleration of corner

ACCELERATION

TOTAL TIME

ABAQUS

- DUl
—— U2N56_56

XKMIN
XMAX
YMIN
YMAX

8. T T T
[x10°%)
4.F 4
B
g
-4
% 0. i
[N
w0
o
a
-4 4
-8, 1 1 1
0. 2. 4. 6.

TOTAL TIME

Figure 6b Vertical and horizontal

Displacement of corner

ABAQUS

—— RF2_S2
—— RF2_53
——— RP2_54

RF2_55
......... RF2_56

XMIN 1
XMAX 7.
YMIN
YMAX 3

Figure 6¢

- RF2

REACTION FORCE

TOTAL TIME

Reaction forces along base

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR = 3.000E+0)
RESTART FILE = blZa STEP 2 INCREMENT 160430
TIME COMPLETED IN THIS STEP 6.75
ABAQUS VERSION: 5.8-2

6. [3 3 6 6
5 5 5 3 &
52 53 54 5 56

TOTAL ACCUMULATED TIME
DATE: 24 -MAR-1929 TIME: 14:40:25

Figure 6d Displaced Block

7.

75

Figure 6




ABAQUS

T T
10.-
——— AIN100_100
—— A2N56_56
8.
3
=
F
n
)
1
8
-3 4.1
2.+
XMIN 1.0008-01
XMAX  5.000E+00
YMIN -4.770E-01 0. p———r0
YMAX  1.100B+01 ] L 1 1

1 A
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
TOTAL TIMB

Figure 7a  Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

1.0 T T T T T T T T T
~——— DUl
—— U2NS6_56
5
2 <51~ -1
a
3]
3
o,
7]
=
a
.0 -
XMIN 1.000E-01
XMAX 5.000B+00
YMIN -2.428E-01
YMAX 9.548E-01 | 1 1 L 1

L 1 1 1
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
TOTAL TIME

Figure 7b  Vertical and horizontal
Displacement of corner

ABAQUS

440 .
400.}
—— RF2_52
——— RF2.53 1601
U S
RF2_55 B o3a0.k
« RF2.56 &
8 280.1
é 240.}-
g 200.F
S
5 160.F
]
-4 120.F
. 80. 1
XMIN 1.000E-01
XMAX 5.0008+00 40.
YMIN  .000E+0Q
YMAX 4.386E+02 0.t

i 1
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
TOTAL TIME

Figure 7c Reaction forces along base

ABAQUS

L

DISPLACEMENT MAGNIFICATION FACTOR = 10.0

RESTART FILE = blle STEP 2 INCREMENT 71198

TIME COMPLETED IN THIS STEP 3.00 TOTAL ACCUMULATED TIME 4.00
ABAQUS VERSION: 5.8-2 DATE: 24-MAR-1999 TIME: 13:29:52

Figure 7d Displaced Block

Figure 7




ABAQUS

ABAQUS

RESTART FILE = bl4a STEP 2 INCREMENT 72383

T T T T T
[x10°8]
—— AIN100_i00 — DUl 5.
——— RA2NS&_36 ——— U2N56_56
4.+
g 8
2
F] A A 5 3.b
[V Y S——
i a ,L
]
1.p
XMIN 1.000B- KMIN 1.000B-01
XMI\X. 6.0008+00 XMAX 6.000E+00
fa -3-mEes N/ i e
0. . 2. 3. 4 S. 6 0. 1. 2. 3
TOTAL TIMB TOTAL TIME
Figure 8a Applied horizontal acceleration Figure 8b  Vertical and horizontal
Vertical acceleration of corner Displacement of corner
360.
—— RF2_52 320.
—— RP2_53
. :gg:zg o 280. [ [3 6 3 [3
.......... RF2_56 o
. 240
8
§ 200.
% 160, S S s [ [
©
:ﬁ) 120.
o
80.
gm o o B B R
YMIN  .000E-00 DISPLACEMENT MAGNIFICATION FACTOR =  100.
YVAX 3.633EB+02 0. 1

Figure 8c

Reaction forces along base

TIME COMPLETED IN THIS STEP 3.05 TOTAL ACCUMULATED TIME
ABAQUS VERSION: 5.8-2 DATE: 24-MAR-193%% TIME: 15:48:42

Figure 8d Displaced Block

4.08

Fiqure 8




ABAQUS

—— AIN100_100
—— A2NS6_56

ACCELERATION

XMIN 1.00
XMAX 3.000E+00
YMIN -6.67
YMAX 1.10

10.

L I3 il L

1.0 1.5 2.0 ‘2.5 3.0
TOTAL TIME

Figure 9a Applied horizontal acceleration

Vertical acceleration of corner

ABAQUS

AlM_100

21043
U2N56_56

XMIN

* YMIN

1.000g-01
3.000B+00

-1.210B-02
X 2.200B-01

.20

<161

L2k

.08

<04

.00

-3 1.0 1.5 2.0 2.5 3.0
TOTAL TIME

Vertical and horizontal
Displacement of corner

Figure 9b

ABAQUS

—— RF2_52
~—— RF2_53
—— RF2_54

RF2_55
--------- RF2_56

- RF2

REACTION FORCE

XMIN 1.00
XMAX 3.000E+00
YMIN 00
YMAX 4.16

Figure 9c

400.

360.

320.

280.

240.

200.

160.

120.

80.

40.

Reaction forces along base

ABAQUS

L.

52 53 54 55

DISPLACEMENT MAGNLFICATION FACTOR = 1.00
RESTART FILE = blSa
TIME COMPLETED IN THIS STEP 2.00
ABMUS VERSION: 5.8-2

STEP 2 INCREMENT 47501
TOTAL ACCUMULATED TIME 3.00
DATE: 25-MAR-1939 TIME: 14:00:28

Figure 9d Displaced Block

Fiaure 9




ABAQUS

——— A1N200_200
—— A2N56_56

XMIN
KMAX

YMIN -8,

YMAX

ACCELBRATION

Figure 10a

Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

.6 —
[x107%]
~— DUL
— UZN56_56 sk
g -4
15
5 b
[
-]
a
a
.2
1
OON  1.000E-03
XAX B.001E+00
YMIN -4.917B-07
YMAX 6.044B-04 0 | L 3
o 2. 4. 5. 8
TOTAL TIME

Figure 10b  Vertical and horizontal

Displacement of corner

ABAQUS

[x10%)]

« RF2_56

RP2_52
RP2_53
RP2_S4 15.+
RF2_55

- RF2

XMIN
XMAX

YMIN
YMAX

REACTION FORCE

1.000E-03

8.001E+00 /

.000E+00
1.860B+04 0

Figure 10¢c

Reaction forces along base

ABAQUS

L.

DYSPLACEMENT MAGNIPICATION FACTOR = 1.00

RESTART PILE = low_a

9TBP 4 INCREMENT 142557

TIKE COMPLETRD IN THIS STBP 6.00 TOTAL ACCUMULATED TIME 8.00

ABMUS VERSION: 5.8-2

DATE: 26-MAR-1999 TIKE: 15119:26

Figure 10d  Displaced Block

Figure 10




ABAQUS

T T T T
20.} 4
—— A1N200_200
—— A2M56_86
6.} 4
i
3 2.t ]
oy
=
]
< st J
4.F -
XMIN 1.000E-03
XMAX 3.801E+00
YMIN -2,420B-01
YMAX 2.194B+01l 0. 4 : |
0 .5 1.0 1.5 2.0 2.5 3.0 3.5

TOTAL TIMB

Figure 11a  Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

—— DUl
— U2N56_56

XMIN 1.0008-03
XMAX 3.801B+00
YMIN -5.552R-02
YMAX 4.683B-01

T T T T T T T
A
-3F -1
E
o
&
5 .2
a
2]
=
a
e -
<0 -
] ] I ! L 1 1
.0 -5 1.0 1.5 2.0 2.5 3.0 3.5

TOTAL TIMB

Figure 11b  Vertical and horizontal
Displacement of corner

ABAQUS

—— RF2_52
—— RP2_53
~—— RF2_54
RP2_55

~ RF2_56

XMIN 1.000B-03
XMAX 3.801E+00
YMIN -000B+00
YMAX 2.012B+04

Figure 11c

20. r T .
[x10°] N
B 154 4
o
o
Q
&
2 10.p~ ~
3
5
2

S. .

—"/
L
0. e L 1
0 .5 1.0 3.8

Reaction forces along base

ABAQUS

DISPLNCENENT MAGNIPICATION PACTOR = 1.00
RESTART PILE = high ar  STEF 4 INCREMENT 42748

TIME COMPLETED IN THIS STEP 1.80
ABMUS VERSION: 5.8-2

TOTAL ACCUMULATED TIME 3.80
DATE: 26-MAR-1999 TIME: 15:07:3)

Figure 11d Displaced Block

Figure 11




ABAQUS

L
—— ALN200_200 16.F
—— A2N56_56
12.}
S
o
5
5 oer
[}
(5]
19
<
4.
JMIN 1.000B- 0.
XMAX  2.200E+01
IMIN -3.038E+00
YMAX 1.900E+01 I L ) | i
0. 4. 8. 12, 16. 20.

TOTAL TIMB

Figure 12a Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

6
[x10°%]
— bpu1L
—— U2N56_56
.4
%
% 2
[N
n
-
a
.0
XMIN 1.000B-03
XMAX  2.200B+01
YMIN ~2.441B-04 2
YMAX 5.903R-04 i 1 1 L
0. 4. 8. 12, 16. 20.
TOTAL TIMB

Figure 12b  Vertical and horizontal
Displacement of corner

ABAQUS

{x10%}
-—— RF2_52
—— RP2_53 15.
—— RP2.54 o

RF2_55 f

---------- RF2_56 o

]

§ 10.

4

[+

g

]

o
AMIN  1.000B-03
XMAX 2.200B+01
YMIN _.000B+00
YMAX 1.824E+04

Figure 12c

Reaction forces along base

ABAQUS

L.

DISPLACEMENT MAGNIPICATION FACTOR = 1.00

RESTART PILE = low_sin STEP 4 INCREMENT 476195
TIMB COMPLETBD IN THIS STEP 20.0
ABAMQUS VERSION: 5.6-2

TOTAL ACCUMULATED TIME 22.0
DATE: 26-MAR-1999 TIMB: 16121112

Figure 12d Displaced Block

Figure 12




ABAQUS

ABAQUS

T T T 15 T T T T T
20.F
-—— ALN200_200 -—— DUl
—— A2N56_56 —— U2N56_56
16.F
§ 2.1 E <10
5 g
31 ]
g a8 Lost
8.F
XMIN 1.000E-03 o XMIN 1.000E-03
XMAX 4.001B+0D0 XMAX 4.001B+00
YMIN -4.039B+00 YMIN -5.377B-03 .00
YMAX 2.130B+01 -4. i ] Il | i i 1 YMAX 1.478B-01 Il i 1 ) 1
o .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
TOTAL TIMB TOTAL TIMB
Figure 13a  Applied horizontal acceleration Figure 13b  Vertical and horizontal
Vertical acceleration of corner Displacement of corner
20. T
[x10°]
—— RP2.52
—— RP2_53
—— RP2_54 ~
RF2_55 & 1s. -
-~ RF2_S6 &
¢
g 0. i
8
3
3
" 5. 4
XMIN 1.000B-03
XMAX 4.001E+00
YMIN .000B+Q0 DXSPLACEMENT MAGNIFICATION PACTOR = 1.00
YHAX 2.005B+04 z 1 RESTART PILE = hi_sin STEP ¢ INCREGNT 47501
TIME COMPLRTBD IN THIS STEBP 2.00

Figure 13¢

Reaction forces along base

ABAQUS VERSION: 5.8-2

TOTAL ACCUMULATED TIME
DATE: 26-MAR-1999 TIME: 15:41:38

4.00

Figure 13d Displaced Block

Figure 13




ABAQUS

T T T 1]
—— A1N200_200 50.1
——— A2N56_56
40.
E' 30
3
o
=1
8 20
2
10.[-
YMIN 1.000B-
XX 2.301E+00 0
YMIN -5.381B+00
YMAX 5.670B+01 1 ! I 1
.0 .4 .8 1.2 1.6

TOTAL TIMB

Figure 14a Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

+25p
~—— DUl
—— U2N56_56
y 201
£
E 1S
s
[
[T ] o
ot
[~]
.05
XMIN 1.000B-03
XMAX 2.301B+00 o
YMIN -1.691B-02 .
YMAX 2.600B-01 L 1 1 L L
0 4 8 1.2 1.6 2.0

Figure 14b  Vertical and horizontal
Displacement of corner

ABAQUS

T T T T T
—— RP2.52 [x10%]
—— RP2_53
— RP2_54
RF2_55 & 16} 4
s RP2_56 o
[}
g 12.} .
2
4
]
s
5§ 8.F 4
&
-4
W 4
XMIN 1.000B-03
XMAX 2.301B«00 | T
YMIN® _.000E+00 P
YHAX 2.144B+04 0 e I 1 1 1
0 4 8 1.2 1.6 2.0

Figure 14c  Reaction forces along base

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR = 1.00
RESTART FILE = hi_sin STEP 4 INCREMENT 7123
TIKB COKPLETED IN THIS STEP .300 TOTAL ACCUKULATED TIME 2.30
ABAQUS VERSION: 5.8-2 DATE: 26-MAR-1999 TIME: 15:51:43

Figure 14d Displaced Block

Cimiira 14




ABAQUS

40.F 4
—— A2NS6_56
—— A2N56_2_56
30.+ -
<
3
S 20+ h
:
&
¥ 10.f -
]
0. 4 -
XMIN 1.000E-03
XMAX 3.801E+00
¥YMIN -7.962E+00
¥YMAX 4.216E+01 L i = 1 I I 1 Il

.0 .5 1.0 1.5 2.0 2.5 3.0 3.5
TOTAL TIME

Figure 5a. Acceleration of corner node

ABAQUS

T T T
T
—— U2N56_56
——— U2N56_2_56 - 40 i
.36k 4
o~
S 1 g
Ee .28 -
&
& -24F 4
3]
>
.20k 4
B
E‘ 216 5
L12f 4
.08} 4
XMIN 3.009E+00
KMAX  3.BO1E+00 .04 4
YMIN 4.229E-05
YMAX 4.683E-01 00 L 1 |
3.0 3.2 3.4 3.6 3.8

TOTAL TIME

ABAQUS

.10 T T T T T =
—— V2N56_2_56
—— V2N56_56
o8-
o
g
. .o08F 4
-
B
o
8
8 .04 B
B
.02} i
XMIN 1.041E+00
KX 3.117B+00
YMIN -4.170B-09
¥MAX 1.01BE-01 ool i i L
1.2 1.6 2.0 2.4 2.8
TOTAL TIME

Figure 5c. Velocity of corner node

ABAQUS

T T T T T
20.F 1
—— Rre2_1 52| [x10°]
— RF2_2_52
o
B 16.¢- 4
[}
9]
-4
2 12} 4
3
]
©
g sl g
8 ;
XMIN 1.041B+00
ROAX  3.801E+00 s 4
YMIN 2.500E+03
VMAX  2.1238+04 ) | . "
1.0 1.5 2.0 2.5 3.0 3.5
TOTAL TIME

Figure 5d. Reaction force at corner node

Flgure 5

S


lmogck
Note
Figures 5 through 14 occur twice in original document- first in black and white, and then in color. Some differences in title block text exist between the black and white figures and the color figures for Figure 5; all pages are shown as they exist in the original document.



ABAQUS

—— ALN100_100 Bs
—— A2NS56_56

ACCELERATION
IS
T

2.
XKMIN 1.000E-01
XMAX 7.750E+00 0.
YMIN -9.774B-01
YMAX 9.000E+00
0.

Figure 6a.

R G WWV}U\/*NW%“‘M
2. . 5.

TOTAL TTME

Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

8. T T T

[x107¢]

— DUl

—— U2N56_56

XMIN 1

1.000E-01
XMAX 7.750E+00
YMIN -7.629E-06
YMAX 7.629E-05

DISPLACEMENT

TOTAL TIME

Figure 6b. Vertical and horizontal
displacement of corner

ABAGUS

—— RF2_52
~—— RF2_53
— RF2_54

RF2_65
e RF2_56

- RF2

REACTION FORCE

XMIN 1.000R
XMAK  7.750E+00
TMIN .000E+00
YMAX  3.72

Figure 6¢c. Reaction forces along the base

TOTAL TIME

ABAQUS

Ly

5T 5 B 3 3

52 53 54 55 El

DISPLACEMENT MAGNIFICATION FACTOR = J.000E+Q03
RESTART FILE = blle STEP 2 INCREMENT 160430
TIME COMPLETED IN THIS STEP 6.75
ABMQUS VERSION: S.E-Z DATE: 24 WAR-19%9 TIME: 14:40:35

Figure 6d. Displaced block

- TOTAL ACCIMULATED TIME

7.75

Figure 6




ABAQUS

T T T T
[ 10.+ -
——— AI1N100_100
——— A2N56_56
8. 4
3
2
6.~ —
!
o
] |
[}
3
2. f'f/ =4
AMIN 1.000B-01
XMAX 5.000E+00 \Jj\ /J
YMIN -4.770B-01 J————— ) — -
VMAX  1.100E+01 g 1 | 1 L it | 4'\4 1 !

.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
TOTAL TIME

Figure 7a. Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

— DUl
-——— U2N56_56

DISPLACEMENT

XMIN 1.000E-01
XMAX 5.000E+00
YMIN -2.428E-01
YMAX 9.548E-01

.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
TOTAL TIME

Figure 7b. Vertical and horizontal
displacement of corner

ABAQUS

440. :
400.|
—— RF2.52
—— RF2.53 L
—— RF2_54 o 2oe
RE2_55 &
- RF256 @ 320.1
o 280.F
)
% 240.F
)
Z 2001
=
£ 160.F
A
3 120.+
80.F
XMIN  1.000F-01
XMAX  5.000E+00 40. 1
YMIN  .000E+00
YMAX 4.386B+02 0.1 1 I e 1 AL 1 ’

.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
TOTAL TIMB

Figure 7c. Reaction forces along the base

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR =  10.0

§ RESTART FILE = blle STEP 2 INCREMENT 71195
TIME COMPLETED TN THIS STEP 3.00 TOTAL ASCUMULATED TIME £.00
AFAQUS VERSION: 5.6-2 DATE: Z4-MAR-1959 TIME: 12:29:52

Figure 7d. Displaced block

Figure 7



ABAQUS

—— AIN100_100
——— A2N56_56
gl
=
=}
=
g
& CON
€ 0
o
3
k-
-5.F
| KMIN  1.000B-01
XKMAX  6.0008+00
¥YMII -9.000RE+00
¥MAX  9.000E+00
0.

TOTAL TIME

Figure 8a. Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

[x10°%]
—— pu1 s b
—— U2NS6_56
4.k

DISPLACEMENT
w
T

i.F

XMIN 1.000E-01

XX 5.000E-00

YMIN -2.980E-08

YMAX 5.722E-06 0 . A
0 1 2.

TOTAL TIME

Figure 8b. Vertical and horizontal
displacement of corner

ABAQUS

—— RF2_52
—— RF2_53
— - RF2_54
RF2_S5 >
wee RF2_56 =
=)
&%
<]
P
S
o
3
B
”
¥MIN  1.000B-0%
XMAX 6.000E+00
YMIN .Q00E+00
YMAX  3.633E+02

TOTAL TIME

Figure 8c. Reaction forces along the base

ABAQUS

52 53 H4 55 586
DISPLACEMENT MAGNIFICATION FACTOR =  100.
RESTART FILE = blde STEP 2 IRCREMENT 72383
TIME COMPLETED IN THIS STEP 3.05 TOTAL ACCUMULATED TTME 4.05
ABRQUS VERSION: 5.8-2 DATE: 24-MAR-1999 TiME: ]5:4s:d2

Figure 8d. Displaced block




ABAQUS

T T T
10.
L20F
—— A1N100_100 —— AIM_100
—— A2NS6_56 — DUl
—— U2NS56_56
16
Z 5.
> 12+
3
™
|
o
g ,«Aﬂf’wm .08
] Y] [ — -
.04l
KMIN 1.0008-01 XMIN 1-000E-01
XMAX 3.000E+00 = . XMAX  3.000E+00
YMIN -6.671E+00 YMIN -1.210E-02 .00
YMAX  1.100E-01 . . . . L YMAX 2.200B-01 L

Figure 9a.

.5 1.0 1.5 2.0 2.5 3.0

TOTAL TIME

Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

.5 1.0 1.5 2.0 2.5 3.0
TOTAL. TIME

Figure 9b. Vertical and horizontal
displacement of corner

ABAQUS

ABAQUS

—— RF2_52
—— RF2_53
—— RF2_54 "
RF2_55 &
- RF2_56 =
o
&
g
=
=}
I
5
1%]
&
(-4
¥MIN 1.000E-01
XMAX  3.000E-00
YMIN .000K-00 DISPLACEMENT MAGNIFICATION FACTOR = 1.00
YHMAX  4.169B+02 1

Figure 9c. Reaction forces along the base

RESTART FILE = blSe STEF 2 INCREMENT 47501

TIME COMPLETED IN THIS STEP 2.90 TOTAL ACCUMULATED TIME 3.00

ABAQUS VERSICOHN: 5.5-2

DATE: 25-MAR-199% TIME: 14:00:28

Figure 9d. Displaced block

Figure 9




ABAQUS

—— A1N200_200
—— A2N56_56
1 1S5.f !

4
o
=
15}
ﬁ 10.- -
m
=
(o]
o
<
S.p .
XML 1.000E-03
XMAX 8.001E+00
YMIN -8.289E-01 0.} — u
YMAX 1.S00E+01 i 1 1
0 2 4. 6 B

TOTAL TIME

Figure 10a. Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

Y
[x107%]

—— DUL
—— U2N56_56 .

= L4
%
4 -3
v
5]
H
o
-2-
L1
XMIN 1.000E-
XMAX 8.001E+00
YMIN -4.917E-07
YMAX 6.044E-04 .0 L L L
0. 2 4. 6. 8.
TOTAL TIMB

Figure 10b. Vertical and horizontal
displacement of corner

ABAQUS

[x10°]
—— RF2.52
—— RP2_53
—— RF2_54 |
RF2_55 P
RF2_56
3
g 1o}
8
2
[
1%
&
o 5.F
XMIN 1.000E-03
XMAX 8.001B+00
YMIN  .000E+00
YMAX 1.B60E+04 0.
0.

TOTAL TIME

Figure 10c. Reaction forces along the base

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR = 1.00

RBSTART FILE = low_a STEP 4 INCREMENT 142557

TIME COMPLETED IN THIS STEP 6.00 TOTAL ACCUMULATED TIME 8.00
ABRQUS VERSION: 5.8-2 DATE: 26-MAR-1999 TIME: 15:19:26

Figure 10d. Displaced block

Figure 10



ABAQUS

T T T T T T
20.1 .
—— A1N200_200
—— A2N56_56
16.1 -
4
=)
3
8 12.+ -
o
=
5]
]
< 8. .
4. -
KMIN 1.000B-03
XMAX 3.801E+00
YMIN -2.420E-01
YMAX 2.194B+01 0. 4 £ I [—
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5

TOTAL TIME

Figure 11a. Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

T T T T 1
— DUl s
—— U2N56_56
3
%
1%
95 .2t
B
0
=
[=]
«al-
¥MIN 1.000B-03 d
XMAX 3.B01E+00 : —
YMIN -5.552B-02
YMAX 1.6B3E-01 L L L I ! 1 1
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5

TOTAL TIME

Figure 11b. Vertical and horizontal
displacement of corner

ABAQUS

20. T T T
[x10°]

—— RF2_52
—— RF2_53
-~ RP2_54
RF2_55

~ RF2_56

15.F

- RF2

10.1

REACTION FORCE

XMIN 1.000E-03 e
XMAX 3.BO1lE+00 -~
YMIN -000E+00 L™
YMAX 2.012B+04

1 1
) .5 1.0 1.5 2.0 2.5 3.0 3.5
TOTAL TIME

Figure 11c. Reaction forces along the base

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR = 1.00

1 RESTART FILE = high ar STEP 4 1INCREMENT 42748
TIME COMPLETED IN THIS STEP 1.80 TOTAL ACCUMULATED TIME 3.80
ABAQUS VERSION: 5.8-2 DATE: 26-MAR-19939 TIME: 15:07:33

Figure 11d. Displaced block

| Figure 11



ABAQUS

—— A1N200_200 16k
—— A2N56_56

ACCELERATION
@
T

XMIN 1.000E-03 0

XMAX 2.200E+01

YMIN -3.03BE+00

YMAX 1.900E+01 I 1 1 L I
0. 4. 8. 12. 16. 20.

TOTAL TIME

Figure 12a. Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

.6
[x1073]

- DUl
—— U2N56_56

DISPLACEMENT

KMIN
XMAX

¥MIN -
¥YMAX

Figure 12b. Vertical and horizontal
displacement of corner

ABAQUS

[x10%]
—— RF2_52
—— RP2_.53 +
——— RP2_54 - a
RF2_55 &
- RF2_56
5}
é‘ 10.}
=
a
2
B
Le)
&
x 5.k
XMIN 1.000E-03 I
XMAX  2.200B+01 /
YMIN  .000B+00 /
YMAX 1.824E+04 o.

TOTAL TIME

Figure 12c. Reaction forces along the base

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR = 1.00

1 RESTART FILE = low_sin 9TEF 4 INCREMENT 4761$5
TIME COMPLETED IN THIS STEP 20.0 TOTAL ACCUMULATED TIME 22.0
ABAQUS VERSION: 5.8-2 DATE: 26-MAR-1999 TIME: 16:21:12

Figure 12d. Displaced block

Figure 12




—— — — —— | ——
15
T T T - T 1 T T T 1] T
20}
—— A1N200_200 —— DUL
—— A2N56_56 —— U2N56_56
16. 1
.10k 4
& 12.} E
13 g
P =}
& 3]
m
2 s 3
o
8 n
< 8 osh E
4.
XMIN 1.000E-03 8 XMIN 1.000E-03
XMAX 4.001E+00 XMAX 4.001E+00
-a. 0 YMIN -5.377B-03 4
;mlN( %.gggg:gl -4. L I 1 1 I L 1 YMAX 1.478E-01 Ty 1 oL 1 1 1 1 M
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 .0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
TOTAL TIME TOTAL TIME

Figure 13a. Applied horizontal acceleration
Vertical acceleration of corner

Figure 13b. Vertical and horizontal
displacement of corner

ABAQUS

20. T T
[x10°]
—— RF2_52
—— RP2_53
—— RF2_54 &
RF2_55 B 15 4
~ RF2_56
[}
g
2 10.} b
=
o
]
|3
g
5. Ey
KMIN 1.000E-03 y
KMAX  4.001E+00 i
YMIN _.000E+00 Lt
YMAX 2.005B+04 0 bl 1 L
0 .5 3.5 4.0

ABAQUS

[

DISPLACEMENT MAGNIFICATION FACTOR = 1.00

RESTART FILE = hi_sin STEP 4 INCREMENT 47501

TIME COMPLETED IN THIS STEF 2.00 TOTAL ACCUMULATED TIME 4.00
ABAQUS VERSION: 5.6-2 DATE: 26-MAR-1999 TIME: 15:41:38

Figure 13d. Displaced block

Figure 13



ABAQUS

T T T T
—— ALN200_200 50.-
—— R2N56_56
40.F
E 30
g
55
=)
8 2.1
2
10.1
XMIN 1.000E-03
XMAX 2.301E+00 0
YMIN -5.9B1E+00
YMAX 5.670B+01 I ] 1 1
0 .4 .8 1.2 1.6
TOTAL TIMBE

Figure 14a. Applied horizontal acceleration
Vertical acceleration of corner

ABAQUS

asf .
— Dn1
— U2NS6_56
20
£
% .15k
g
o
o .10k
=
(2
.05
XMIN 1.000E-03
XMAX 2.301E+00 |
YMIN -1.691E-02 -0
YMAX 2.600B-01 L 1 1 1 L
.0 .4 .8 1.2 1.6 2.0

TOTAL TIME

Figure 14b. Vertical and horizontal
displacement of corner

ABAQUS

T T T T T
—— RF2_52 [x10%]
—— RF2_53
- RF2_54
RF2_55 & 16.f §
-~ RF2_56 L
3]
& 12.} )
2
=
8
& o o
5§ 8-
]
o
4. -
XMIN 1.000E-03 .
XMAX 2.301E+00 i
YMIN _.000E+00 e
YMAX 2.144B+04 0. b= 1 Il 1 1
.0 -4 .8 1:2 1.6 2.0

TOTAL TIME

Figure 14c. Reaction forces along the base

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR = 1.00

RESTART FILE = hi_sin STEP 4 INCREMENT 7123

TIME COMPLETED IN THIS STEP .300 TOTAL ACCUMULATED TIME 2.30
RBAQUS VERSICN: 5.8-2 DATE: 26-MAR-1599 TIME: 15:51:43

Figure 14d. Displaced block

lE ig-u‘l-'; 14




Stony Gorge Ground Motions
Vvelocities and Velocity Response Spectra

pvp

o accel 1 .
U)-MaxY= 28.77 at 4.33 MinY= -34.83 at 4.095
%l
B § - A - NV A
oR
Qi
O
<§4O .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.
1 Time - Seconds
vel 1
O MaxyYs= 1.32 at 1.80 MinY= -1.63 at 4.23
SO
Rl
|
Q
(o) N~
o=
W |
>#.O .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.
Time - Seconds
o accel 1 % 3
ane, MaxY= 86.32 at 4.33 - MinY= -104.50 at 4.05
B3y N
LB AL A AL A AN A NANAL PR o sda AN AT NN Vs
ug VARAVAL VAAAY) NARY \/v CAYA A VA ~7 v \VARN VIRV A/ A
S ¥
Q
<§40 .3 .7 1.0 1.3 1.7 2.0 2.4 2.7 3.0 3.4 3.7 4.0 4.4 4.7 5.
| Time - Seconds :
vel 1
O MaxY= 3.87 at .1.80 MinYs= -4.88 at 4.23
>
—@ N
gg 7 Jﬂ\ A4 /\/‘ \ /
o
oD A4
e
>?,O .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.
Time - Seconds
o accel 1 % 5 .
oo MaxY= 143.86 at 4.33 MinY= -174.16 at 4.05
RIS A T A A a2 a
LB BV AW ASVAW W LVIVALIY NP Y W VAN EVN AWAATINA VA
= VYVVV VY \VI\V/ \)\VH/V RVAYAIATAY A\ TAVAR VAVA MRV
Q
<§‘O .3 .7 1.0 1.3 1.7 2.0 2.4 2.7 3.0 3.4 3.7 4.0 4.4 4.7 5.
] Time - Seconds
vel 1
O MaxY= 6.61 at 1.80 MinY= -8.13 at 4.23
>
Sa A N ~
oo o AEAVNIIV.Y WA AN /] VX[ /N
89 A A A BN VAR V4 A VY "
o \/
-
>?.0 .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 ‘4.3 4.7 5.
Time_— Seconds
o Velocity Response Spectra )
. MaxY= 23.68 at 45 MinY= .28 at .01
®
&
2 A
~4 Ps
-~
_ /e - N
D T T~ _ ~
o9 r - / A N
oY s S ’ \\
o v / .
2 / \_ T \
—— ~
. ’ B \\“‘~\‘
I A N ~._ 7T
© / - .y
/ ___/////A&\\______ T ]
. ) ~
}l __—\—_—/\ -\.\'%-—"—"_
ovgié//-—~———\\v,,
.70 .3 6 .9 1.2 1.

Input=integrate.p2p.

Created 26-May-939 10: 23: 51

"Period - Seconds

Figure 15



—— RN 0 PR

ABAQUS

VELOCITY_ 200
Fa .|
s
> .
E
g
o -
>
XMIN 1.000E-03 i
XMAX 6.901B+00
YMIN -1.514B+00
YMAX 1.289B+00 L 1 I 1 1
0. 1. 2. 3. 4. 5. 6. 7.

TOTAL TIMBE
Figure 16a Input Velocity

ABAQUS

.10F
U2N52_52
U2N56_56
~  .08F
i=]
% .06k
g
& .oel
H=H
a
Loz
XMIN 1.000E-03
XMAX 6.801E+00
YMIN -7.276E-12
YMAX 1.091B-01 5l
0.

2. 3. 4. S. 6.

TOTAL TIME
Figure 16b Corner Displacements

ABAQUS

|
il
|
i

DISPLACEMENT MAGNIFICATION FACTOR = 1.00 ORIGINAL MESH
RESTART FILE = eq ala STEP 4 INCREMENT 105833

TIME COMPLETED IN THIS STEP 4.46 TOTAL ACCUMULATED TIME
ABAQUS VERSION: 5.6-2 DATE: O01-APR-1999 TIME: 17:11:04

6.

46

DISPLACED MESE

ABAQUS

DISPLACEMENT MAGNIFICATION FACTOR = 1.00
STEP 4 INCREMENT 114007
TIME COMPLETED IN THIS STEF 4.80

RESTART FILE = eq ala

ABAQUS VERSION: 5.8-2

— T T

=

ORIGINAL MESH

DATE: O1-APR-1999 TIME: 17:11:04

TOTAL ACCUMULATED TIME 6.80

DISPLACED MESH

Figure 16




2.0 T T { R T T = 10 T T T T
[x10°]
—— AIN200M_200 1.6F i —— DUINS6
——— A2N56_56 . —— U2N56_56
——— A2N52_52 - 08
1.2 -1
z
g E ek
E g
3 g
: 3
] & .oaf
2 a
.02
XMIN 1.000E-03 XMIN 1.000E-02
XMAX 6.901E+0D XMAX  §.901E+00 =l
YMIN -1.1028+03 YMIN -5.401E-03 .00 A
YMAX 2.030B+03 YMAX 9.BB7E-02 1 1 i L 1
0. 1. 2. 3 4. 5. 6. 7. 0. 1 2. 3. 4. 5. 6. 7.
TOTAL TIMB TOTAL TIME
Figure 16e Input Acceleration Figure 16f Horz Displacement -- corner
Corner Accelerations Vert Displacement -- corner
1.0 T T T T T T s0.F T T T T T =
[x10°]
V2N56_56 —— RF2_52
V2N52_52 —— RF2_56
50.F =
.5k E o
-
g ©oa0.f .
: g
o
£ .o 4
o E
§ -3
o
B &
]
-5 i o
XMIN 1.000E-03 XMIN 1.000E-03
XMAX 6.901E+00 XMAX 6.901E+00
¥YMIN -1.095B+00 -1.0F =1 YMIN -5.341E-05
YMAX 9.619E-01 1 L 1 1 I 1 YMAX 6.156B+04 1
Q. 1. 2. 3. 4. 5. 6. 7. ‘ 6. A
TOTAL TIME TOTAL TIME
Figure 16g Vert Velocity -- corners Figure 16 h Reactions at corners

Figure 16 (continued)




ABAQUS

VELOCITY_200

VELOCITY - V1

XMIN 1.000E-03
XMAX 6.901E+00
YMIN -4.542E+00
YMAX 3.B67E+00 L 1 1 1 1

0. 1. 2. 3. 4. 5.

TOTAL TIME
Figure 17a Input Velocity

ABAQUS

XMIN
XMAX

YMIN

- U2

DISPLACEMENT

1.000E-03
6.901E+00
-5.457B-12
YMAX 2.476E+00

-4

4.

'AL TIME

rner Displacements

ABAQUS

—— 1 | I

DISPLACEMENT MAGNIFICATION FACTOR = 1.00 ORIGINAL MESH  DISPLACED MESH

RESTART FILE = eq a2a STEP 4 INCREMENT 54681
TIME COMPLETED IN THIS STEP 2.30 TOTAL ACCUMULATED TIME
ABAQUS VERSION: 5.8-2 DATE: 01-APR-1999 TIME: 17:18:19

ABAQUS

DISPLACEMENT MAGNIPICATION FACTOR =
1 FESTART FILE = eq aa
TIME COMPLETED IN THIS STEP
ABAQUS VERSION: 5.8-2

X/

ORIGINAL MESH DISPLACED MESH
STEP 4 INCREMENT 54160

TOTAL ACCUMULATED TIME 5.97
01-APR-1999 TIME: 17:18:15

Figure 17




ABAQUS

ABAQUS

2.F T T T T T T 3
15.
—— ALN200M_200 3 DUINS6
—— a2ns6_56  [10°] U2N56_56
—— RA2N52_52 Q0.
10.
8 E L
= m .
= =
g g
& g
o |- R O
3] o i
Q -
< o
6
-10.
XMIN 1.0008-03 XMIN 1.000E-03
XMAX 6.901E+00 XMAX 6.901E+00 e B
YMIN -1.425B+04 ¥YMIN -B.B22BE+00
YMAX 1.812E+04 -15. i ] 1 1 1 1 YMAX 2.250E+00 1 1 | 1
0. 1. 2. &} 4. 5. 6. T. 0. 1. 2 3. 4.
TOTAL TIME TOTAL TIME
Figure 17e Input Acceleration Figure 17f Horz Displacement -- corner
Corner Accelerations Vert Displacement -- cormer
T T T T T T 330__ T T T T T |
X10
V2N56_56 10.1 i [x10°}
V2N52_52
o~
% 60.} -
o~ .
>
: g
: :
= 40.1 =1
=
S 8
-
= 3]
S
x
20.F -
XMIN 1.000E-03 XMIN 1.000E-03
XMAX 6.901E+00 XMAX 6.901E+00
YMIN -1.589E+01 gy, b =) YMIN -2.441E-04 Se—
YMAX 1.340E+01 % ] 1 1 1 1 Il YMAX B.222E+04 0. L L = | 1 —
Q. 1. 2. 3. 4. 5. 6. 7. 0. 1. 19 3, 4. 5. 6. 7%

TOTAL TIME
Figure 17g Vert Velocity -- corners

TOTAL TIME
Figure 17 h Reactions at corners

Figure 17 (continued)



ABAQUS ABAQUS

2.5F T T T
VELOCITY_200
2.0
o~
=3
o
s .
; & 1.51
z §
g 3
5
E g 1.0
[=]
a
5
XMIN 1.000E-03 XMIN 1.000B-03
XMAX 6.901E+00 XMAX 6.901E+00
YMIN -7.5T1E+00 YMIN -7.276B-12
YMAX 6.445E+00 -8. I I L I L 1 YMAX 2.560E+00 .0 1 1 PIVAY
0. 1. 2. 3. 4. 5. 6. 7. 0. 1. 2. 3
TOTAL TIMBE TOTAL TIME
Figure 18a Input Velocity Figure 18b Cornmer Displacements

ABAQUS ABAQUS

! %

I b
DISPLACEMENT MAGNIFICATION FACTOR = 1.00 ORIGINAL MESH DISPLACED MESH DISPLACEMENT MAGNIFICATION FACTOR = 1.00 ORIGINAL MESH DISPLACED MESH
RESTART FILE = eg_aja STEP 4 [INCREMENT 44222 RESTART FILE = ag_aja 9TEP 4 INCREMENT 63776
TIME COMPLETED IN THIS STEP 1.86 TOTAL ACCUMULATED TIME 3.86 TIME COMPLETED IN THIS STEP 2.94 ‘TOTAL ACCUMULATED TIME 4.94
ABAQUS VERSION: 5.8-2 DATE: OL-APR-1999 TIME: 17:35:39 RBAQUS VERSION: 5.8-2 DATE: 01-APR-1999 TIME: 17:35:39

Figure 18




ABAQUS

ABAQUS

320.
—— n1nzoom_200 [0 5. 1
——— A2N56_56
——— A2N52_52 12.
8. 4. T
=
2 4 g
b2 &
E 0. o 3. -
o ;
Q =
I A z. e
-12.
-16. 1. ]
XMIN 1.000E-03 XMIN 1.000B-03
XMAX 6.901E+00 -20. XMAX 6.901E+00
YMIN -2.439E+04 YMIN -3.601E-03
YMAX 2.173B+04 -24. L | L L 1 1 = YMAX 5.615BE+00 0. L Il k. nl ! 1
0. L. 2. 3. 4. 5. 6. E. L. 2. 3. 4. 5. 6. 7.
TOTAL TIME TOTAL TIME
Figure 18e Input Acceleration Figure 18f Horz Displacement -- corner
Corner Accelerations Vert Displacement -- corner
T T T T T T
15. 35. -
RF2_52 3
Rrass | [¥107]
10. E 30. -
o~ 0
= 25. N
i S. 3
&
>
20. -
£ o £
Z
: :
15. -
£ s 3
&
T o
-10.
XMIN 1.000E-03 XMIN 1.000E-03 5. n
XMAX 6.901E+00 -1s. XMAK 6.901E+00
YMIN -1.78BE+01 YMIN -7.324B-04
YMAX 1.B852E+01 1 1 1 1 1 1 ¥YMAX 3.B27E+04 0. 1 1 | ! Xt
0. 1. 2. 3. 4. 5. 6. Te 0. 1 2. 3. 4. 5. 6. T.
TOTAL TIME TOTAL TIME
Figure 18g Vert Velocity -- corners Figure 18 h Reactions at corners

Figure 18 (continued)




Hoover Model
Ground Motions and Velocity Response spectra

(=
® Horizontal Acceleration )
, ©MaxY= 4.03 at  4.44 Miny= -3.96 at  4.36
s . Al L
oo A A A A A A AA NI
* v VAYRAAYMAAVAIATA R
Y}
% L
8‘{0 .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.0
Q Time - Seconds
<t
Horizontal Velocity .
N Maxys= .09 at 4.30 MinyY= -.11 at 4.39
e
o A
5o Y Al N f\ /\,, N/
o v v VI YV
S v
.0 .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.0
Time - Seconds
(o]
LS Vertical Acceleration .
| OMaxy= 1.44 at 4.61 MinY= -1.63 at 4.68
88
o9 Ja\VaN r ALA A
o A4 %4 \ VANV AV RV Vi \/w LV
[
e
uwo 3 7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.0
2 Time - Seconds
vertical Velocity
uMaxy= .05 at 4.64 MinY= -.05 at 4.74
et
4
oo A
o A4 \V4 \9/
>
N6) .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.0
Time - Seconds
~o Hydrodynamic Pressure .
@ T Max Y= 30.69 at 4.35 MinY= -36.50 at 4.48
°g
Q
@8 Py JANAY /\V/\/\/\/\ LAYV IA
5@ VAR \VARY) I\
B ¥
5.0 .3 .7 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3 4.7 5.0
Qi Time - Seconds
o Velocity Response Spectra .
"MaxY= 18.48 at .20 MinY= .04 at .01
=
) K\\
-
>
4
“n
o~
[
>
o3)
™ \\\\\\§~______
\__—\_\_—’——————
e

.0 .3 .8 .9 1.2 1.5
Period - Seconds

Input=eq_press.p2p, Created 23-Jun-99 09: 54: 54 Figure 19



ABAQUS - ABAQUS

\-—- center of mass

\_, friction angle = 47°

Figure 20 -- Finite Element Model of a Postulated Block
at the Top of Hoover Dam
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