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Introduction and Scope

The failure risks associated with seismic loading of concrete dams in many cases have been

estimated to be quite high. These estimates are based largely on evaluation of results from linear-
elastic finite element analyses that do not account for aspects of non-linear behavior of the dam
such as contraction joint opening, cracking at weak lifts, and cracking in mass concrete. No
concrete dams are known to have failed during an earthquake, and cases of concrete dams
subjected to large earthquake shaking with good records of the response are extremely limited.
Some cracks have been reported, such as at Pacoima Dam where the dam and abutment separated
during the Northridge earthquake, but the reservoir was down at the time of the event. ‘Therefore,”
it is not clear exactly how a concrete dam, particularly an arch dam, might fail during an -
earthquake, nor is it clear how well our analyt:cal models predlct structural performance durmg
very large levels of shaking. - " T :

In thls study, large laboratory shake table tests were performed on scale models ofa
representative arch dam and reservoir, ramping the loading up to failure of the model.

Model parameters, such as dimensions and material properties, were adjusted to approximate
similitude. A reservoir was modeled behind the scaled structure, but it should be noted that the
fluid used was pure water with no adjustment for viscosity similitude. Input motions and
structural response were measured, and high quality video was used to capture the failure modes.
Five variations of arch dam configuration were tested including monolithic models, models
containing vertical joints to represent vertical contraction joints, models containing horizontal
joints to represent weak lift lines, and models containing both vertical and horizontal joints.

A matching series of finite element models were created and analyzed using the ABAQUS finite
element code to determine how(accurately the response can be modeled and the failure predicted.
This report will cover two preliminary studies, a series of linear elastic analyses, a series of
analyses used to calibrate the non-linear material properties, and a series of five non-linear
analyses used to model the dam’s response using the five different joint configurations. The first
preliminary study was conducted to determine the effect of removal of the foundation from the
finite element model. The second preliminary study was conducted to select the most appropriate
version of ABAQUS for use in the remainder of this study. Static and dynamic linear elastic
analyses were completed for each of the five joint configurations tested on the shake table.
Stresses, joint conditions, and displacements resulting from these five models were compared
with the laboratory results in terms of acceleration and displacement time histories at times prior

- to cracking for each model. This series of analyses were linear elastic in terms of the material

property models used, however geometric non-linearities such as opening, closing, and sliding
along joint surfaces, and in some cases sliding and rocking of independent concrete blocks, were
modeled. The monolithic dam model was used to calibrate the non-linear material properties.
The results of the non-linear analyses were compared to laboratory results in terms of the input
amplitude at which cracking was initiated, the input amplitude at which failure occurred, crack
patterns, and failure modes. Each of the five joint configurations was then analyzed using non- -
linear materlal propertles and results were compared to laboratory resu]ts
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Physical Models

Tests were completed in the Bureau of Reclamation, Materials Engineering and Research
Laboratory. A one dimensional shake table (horizontal acceleration only) was constructed for
these experiments. The model scale chosen for these models was a 1/150 scale. The maximum
height of the scaled dam was 23 11/16 inches, and the crest length was 81 13/16 inches. A sealed
chamber on the upstream side of the dam was filled with water to simulate a reservoir loading. A
similitude simulation of an earthquake motion was not used. Rather, for practical reasons
associated with the table and for simplicity in numerical model calibration, a 14 Hz sinusoidal
motion was selected. Models incorporating five different joint configurations were created and
tested on the shake table. At least two tests were completed for each joint configuration to

establish repeatability of the resulting failure mode. The five joint configurations modeled were: -

(1) monolithic (identified as tests M2 and M8), (2) a single vertical joint at the arch center (tests -
M6 and M11), (3) a single horizontal joint at mid height (tests M9 and M10), (4) 17 vertical
Joints spaced evenly along the arch (tests M12 and M13), and (5) 17 evenly spaced vertical joints
combined with 2 horizontal joints (tests M14 and M15). The models were placed in a concrete
block foundation on the table. A photo of a typical experiment setup is shown in figure 1.

Figure 1.—Typical Experiment Setup.

The models were instrumented on the downstream face to record accelerations at six locations
and displacements at two locations as shown in Appendix A, figure A.1. Figure A.2 shows the
corresponding Node numbers at which acceleration time histories were recorded in the analyses.
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Finite Element Models

Monolithic :Models:- | Designated as Model M2M8

Two monolithic models were used in the preliminary analyses. The first consisted of a =
continuous dam and foundation mesh with 7,910 nodes and 6,556 three-dimensional, solid
elements. Six first order, reduced-integration elements were used through the dam thickness. In -
the second monolithic model, the foundation mesh was removed, resulting a model with ™

1,530 elements and 1,988 nodes. No contact surfaces were used in either model. These two
models, shown in figures 2 and 3, were used in a preliminary analysis, discussed in section
VILA, to evaluate the need to include the foundatlon in the ana1y51s SR .

Vivport: 1 ODS: xdefl Apaynemf _shake ' m2vidgnix edb

Figure 2—Monolithic Model M2M8 without Foundation.

Vievport: 3 ODB: Airl tpayne-shied ahake m2miyd.adt

el

Figure 3.—Monolithic Model M2M8 with Foundation.
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Single Vertical Joint Model: Designated as Model M6M11

The monolithic model was modified to create Model M6M11 by adding a single vertical joint
through the dam thickness at the center of the arch. This was done by creating double nodes
through this section of the model so that the surfaces formed on either side of the joint were no
longer connected. Contact surfaces were defined along the two surfaces that formed the joint.
The joint extends down from the crest to the upper nodes of the bottom elements, The joint does
not extend vertically to the base of the dam (the joint does not split the dam into two completely
separate sections). This model consisted of 1,530 elements and 2,058 nodes. F igure 4 shows the
single vertical joint model with features boldly outlined to show the location of the joint.

Single Horizontal Joint Model: Designated as Model M9M10

The monolithic model was modified to create Model MOM10 by adding a single horizontal joint
through the dam thickness at mid height. This was done by creating double nodes through

this section so that the surfaces formed on either side of the joint were no longer connected.
Contact surfaces were defined along the two surfaces that formed the joint. The joint extends
along the entire arch but does not include double nodes at the dam contact. This model consisted
of 1,530 elements and 2,165 nodes. Figure 5 shows the single horizontal joint mode] with
features boldly outlined in order to show the location of the joint.

Figure 4—Single Vertical Joint Model Figure 5.---Single Horizontal Joint Model
Laboratory Test M6M11 _ Laboratory Test MOM10 ‘

Seventeen Vertical Joint Model: Designated as Model M12M 13

The monolithic model was modified to add 17 vertical joints through the dam thickness at nearly
equal spacing along the arch. As in the previous models, this was done by creating double nodes
through these sections so that the surfaces formed on either side of the joint were no longer
connected. Contact surfaces were defined along the two surfaces that formed the joint, This
model consisted of 1,530 elements and 2,821 nodes. Figure 6 shows the 17 vertical joints

model with features boldly outlined to show the locations of the joints.
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Seventeen Ver'ucal Joints With T_wo Horlzonta! Jomts Model:
Designated as Model M14M15 ' '

The 17 vertical joints model was modified to add two horizontal joints through the dam thickness -
at locations one-third and two-thirds the dam height. As in the previous models, this was done by
creating double nodes through these sections so that the surfaces formed on either side of the
joint were no longer connected, Contact surfaces were defined along the two surfaces that
formed the joint. This model consisted of 1,530 elements and 9,055 nodes. Figure 7 shows the
17 vertical and 2 horizontal _]OlntS model with features bo]dly outlmed to show the locatlons of
the joints. ‘

thure 6. —Seventeen Vertical Joints Model Figure 7.—§evente e’-," Ve rtieal and Two
Laboratory Test M12M13 : o " Horizontal Joints Model o )
' ’ . Laboratory Test M14M15 ..

Boundary Condlt:ons

During applncat:on of the static loads (gravrty and reserv01r), all the nodes ]ocated on the dam
contact were fixed in all three directions, except for the preliminary analysis of the monolithic -
model, which included a foundation model.” When a foundation mode! was included in the '
analysis, the nodes located on the base of the foundatlon served as the fi xed boundary

For the dynamrc loadmg, an acceleranon record was appIred to these nodes in the upstream- :
downstream direction. The nodes remained fixed in the cross-canyon and vertical directions for
the dynamic loading; accelerations were applied in the upstream-downstream direction only.
Figure A.3 illustrates the boundary conditions on the monolithic dam model used for the
preliminary analyses with and without a foundation model. Based on the results of the
preliminary anaIyses the same boundary condltrons w:thout the foundatron were used forall
five models :
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Mater-ial Properties

Summary of Material Properties Obtained From Laboratory Tests

Laboratory testing was completed on the day of the shaking test. Results of the test program are
summarized in Appendix B, table B.1. Complete documentation of individual material test data

for all of the models is also included in Appendix B of this report . Table 1 summarizes the data
available for the five model configurations included in this study.

Table 1.—Material properties provided by the Reclamation Research and Testing Laboratory

Laboratory Tests Compressive Splitting Meodulus of Elastic
: Strength Tensile - Rupture Modulus
fJ) Strength s ()
Monolithic Model M2 - 23.25 Ibfin? N/A 4 Ibfin? 2302.6 Ibfin?
(Test Date 3/31/99)
Monolithic Model M8 28.2 lbfin? N/A N/A N/A
{Test Date 6/21/00) : "
Single Vertical Joint Model M6 25.6 Ibfin? N/A N/A N/A
_(Test Date 8/27/99)
Single Vertical Joint Model M11 41.97 Ib/in? 4.4 1bfin? N/A 3758.8 Ibfin?
. {Test Date 8/22/00) : . : ‘
Single Horizontal Joint Model M9 36 Ibfin? N/A N/A N/A
(Test Date 7/19/00) '
Single Horizontal Joint Model M10 | 52.1 Ibfin? N/A N/A 5172.1 bfin?
(Test Date 8/02/00) :
Seventeen Vertical Joint Model M12 | 27.01 Ibfin? N/A N/A 21466 Ibfin?
(Test Date 10/3/00) :
Seventeen Vertical Joint Model M13 | 23.2 Ibfin? 3.58 Ibfin? N/A 3461.5 Ibfin?
(Test Date 4/10/01) ' .
Seventeen Vertical and Two -19.63 Ibfin? | 3.09 Ibfin? N/A . 3099 Ibfin?
Horizontal Joint Model M14 _ : o
(Test Date 4/24/01)
Seventeen Vertical and Two ' 21.4 Ibfin? 4.05 Ibfin® N/A - | 3948 Ibfin?
Horizontal Joint Model M15 . ' T
(Test Date 5/01/01)

Material Properties used for Linear Elastic Analyses

All ABAQUS analyses (both STANDARD and EXPLICIT versions and linear elastic and non-
linear analysis types) must include linear elastic material properties. The linear elastic properties
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are completely defined by Young’s modulus, E, the mass density, ¥, and the Poisson’s ratio, V.
A density value of 125 1b/ft* was provided for all models. Poisson’s ratio values were not
available, so a typical value for concrete (0.2) was used for all the models.

In the past, based on the research work of Jerome Raphael;; it has been assumed that both the
tensile strength and the elastic modulus increase with loading speed. However, more recent
research by David Harris at the Bureau of Reclamation’s Material Testing and Research
Laboratory indicated that increasing the instantaneous (tested) modulus of elasticity for dynamic
loading is not warranted. Therefore, the elastic moduli obtained from the laboratory tests and
shown i in table 2 were not increased for these analyses.

Z'Téble 2.—Elastic modulus values used in the analyses

‘Finite Element SRR Elastic Modulus
Mode! Designation - Joint Configuration (Ib/in) .
M2M8 " Monolithic 2302.6
MEM11 Single Vertical Joint 3758.8
M9M10 Single Horizonta! Joint 517241
M12M13 - Seventeen Vertical Joints 134615
M14M15 Seventeen Vertical and Two 3048 .
- Horizontal Joints

A foundation model was used only in the preliminary analyses of the monolithic dam model.
The typical concrete properties shown below were used for the foundation model for these
analyses because no material property testing was completed for the concrete used to create the
foundation block.

E =3.0E+6 bfin?

Youﬁg’s Modulus
- 'Poison’sRatio . ., v=.20. - : :
Density ¥=00 lb!ft3 (massless foundatlon used in analys:s)

Rayleigh damping coefficients were used to provide some general damping. A mass proportional
damping coefficient (alpha = 3.0) and a stiffness proportional damping coefficient (beta=0) . -
were used for all the analyses. These values correspond to approximately 5 percent of critical
damping at frequencies between 7 and 15 Hz. Spreadsheet calculations for the Rayleigh
damping factors are included in Appendix B, figure B.37. - : ‘

Material Properties used for Non Llnear Matenal Property Callbratlon

All the non-linear analyses included in thls study were completed using the EXPLICIT version of
ABAQUS based on the conclusions of a preliminary study that is discussed in section VILB,

which compared the results from analyses completed using the two ABAQUS Solvers. The non-
linear material model for concrete used in the EXPLICIT version of ABAQUS only accounts for
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the tensile (brittle) behavior of concrete. In compression, linear elastic material properties apply.

Therefore, ABAQUS/EXPLICIT cannot be used to model concrete hardening in compression or
concrete failure due to crushing,,.

ABAQUS/EXPLICIT uses a smeared crack model to represent the discontinuous brittle behavior
in concrete. The cracking model assumes fixed (a “fixed” crack means that once a crack forms it
continues to exist with its original orientation for the remainder of the analysis), orthogonal
cracks. The maximum number of cracks at a material point is limited by the number of direct
stress components present at the material point. In this study, three-dimensional reduced
integration elements were used, so a maximum of three cracks can develop at the centroid of

any given element, The direction normal to the first crack is aligned with the direction of the
maximum tensile principal stress at the time of crack initiation. Subsequent cracks at any given
point can form only in directions orthogonal to the first crack. Once cracks exist at a point, the
component forms of all vector and tensor valued quantities are rotated so that they lie in a local
system defined by the normals to the crack faces. The model ensures that these crack-face
normal vectors are orthogonal so that this local system is rectangular Cartesian.

The non-linear brittle cracking material model was calibrated based on comparisons with
laboratory results in terms of (1) the input acceleration amplitude at which cracking was initiated
(2) the input acceleration amplitude at failure, and (3) the corresponding crack patterns.
Sensitivity studies were completed in which material parameters affecting crack initiation,
tension stiffening, and shear retention were varied. These sensitivity studies were completed
using the monolithic model because the results from this model are not affected by

additional geometric non-linearities associated with the vertical and/or horizontal joints, Results
of the sensitivity studies were then used to select material property parameters for all five
models.

Sensitivity to Variation in Tensile Strength (Crack Initiation)

A crack forms when the maximum principal tensile stress exceeds the tensile strength of the
brittle material. Once a crack has formed it remains throughout the duration of the analysis,
although closing and reopening of cracks may take place. The cracks can close completely when
the normal stress across them becomes compressive.

The key material parameter associated with crack initiation is the tensile strength of the material.
The direct static tensile strength has often been assumed to be 10 percent of the compressive
strength; however, Jerome Raphael’s paper suggests that this linear relationship between tensile
and compressive strength is not, ]ustlﬁable[,,. Raphael suggests the followwg relauonshlps
between tensile strength and compressive strength:

The Actual Static Tensile Strength- f, = 171*
The Apparent Static Tensile Strength ~ ~ f, = 2.3 fc??
The Actual Dynamic Tensile Strength f, = 2.6 fc*?

The Apparent Dynamic Tensile Strength  f, = 3.4 fc*®
David Harris’s research on dynamic properties of mass concrete concludes that static tensile

strengths should be increased by a factor of 1.44 for dynamic loaclsm. Table 3 lists ranges of
non-linear dynamic tensile stress calculated using test data available for monolithic models M2

8
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and M8. Using the various methods discussed above, the value of dynam:c tensile strength could
be as low as 3 ]b/m or as high as 32 Ib/in%, '

’Tabie 3.—Calcu|atidn of tensile strength rangeé

Equation . . Variables - | o Range of Tensile Strength
A0°F,*1.44 f,=(23t028Ibfin%) ~ 3todlbin?
3/4*,* 1.44  f=4bfin? . 4lofin?
f=17¢. % P, = (231028 Ib/in?) 14 to 16 Ibfin?
(Actual Static)

f =23f.2 f. =(23to 28 Ib/in?) 19 to 21 Ibfin?
(Apparent Static) : :
f,= 34§ . f. =(23 1028 Ibfin?) - ' 281032 Ibfin?
(Apparent Dynamlc) : '

Since no clear justification could be made to select a tensile strength value from the fange shown

" in table 3, an alternative approach was taken. ‘A series of sensitivity studies were completed in

which the tensile strength was varied from 5 Ib/in? to 30 Ib/in? as shown in table 4. Results of the
sensitivity studies were then compared with the laboratory test results to determine the most
approprlate value for tensﬂe strength :

Table 4.4-Sensitivity to variation in tensile strength

AnalysisID . " Tensile Limit {Ib/in?)
NLX1 5
NLX? 10
NLX9 : . - 15
NLX5 | 20
NLX4 : ' ;30

Both tension stiffening and shear retention definitions must also be specified for the non-linear
concrete material property model and were, therefore, necessary for the sensitivity studies.
“Tension stiffening” refers to the post cracking rate of tensile stress reduction across the crack
opening. In ABAQUS/EXPLICIT, the stress does not drop to zero instantly when a crack forms,
instead the rate at which stress decreases is defined by the tension stiffening curve. For each of
the five analyses used to evaluate the effect of variation in tensile strength, a tabular function of
stress versus displacement across the crack was also defined to control the rate of stress
reduction. In each case, the crack opening displacement at which the stress reaches zero was
calculated as u, = h * ( &,/ E). In this equation, % is the characteristic element length, , is the
tensile strength, and £ is the elastic modulus. In these small scale mode]s, the characteristic
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length ( &) ranges from 0.6 to 1.75, so a value of 1.0 was used. A value of 2302.6 Ib/in” was used e
for the elastic modulus, and the tensile strength was varied as shown in table 4. An effort was

made to keep the shape of the curves the same. Figure 8 shows the five tension stiffening curves

used in this sensitivity study. The concept of “shear retention” is similar in that the shearmodulus -
does not drop to zero instantly when a crack forms, instead the rate of shear modulus reduction is

defined by the shear retention curve. For this sensitivity study, a power law definition with an

exponent of two was used to define the rate of shear modulus reduction with increasing crack e
opening strain. The shear retention curves corresponding to the five tensile strengths shown in

table 4 are shown in figure 9.

Figure 8

Figure 9

10
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Sensitivity To Variation In The Tencion Stiffening Definition

The tension stiffening definition controls the post cracking rate of stress reduction across the
crack. When there is no reinforcement in significant regions of the model, as in this study, the
post failure stress in the crack normal direction must be specified as either a tabular function of -
stress versus displacement across the crack or as a tabular function of the failure stress and the
associated Mode I fracture energy. This approach reduces mesh sensitivity because the removal
of stress is determined primarily by the opening across the crack, which does not depend on the
element size.

Figure 10 illustrates the stress-displacement method of defining tension stiffening.

o |

¢k

Figure 10

~ The dlsplacement at Wthh the stress across the crack openmg reaches zero (uc,) is deﬁned as

follows: ,

'—h*(d/E)

where: h - is the charactenstlc crack ]cngth For three dlmensmnal e]ements thls is deﬁned
. as the cubed root of the element’s volumc o

O s the tensnle stress at whlch Modc I brlttIc crackmg is mmated (d:rcct tensﬂe
c,ostress), ¢ U T : _

E  is the elastic modulus.

11
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Figurell illustrates the definition of the fracture energy method of defining tension stiffening,

Um=2G=/0‘ltu

|

Figure 11

.In this case, u,, is the displacement at which the stress across the crack opening reaches zero, and

the fracture energy can be calculated as follows:

Gl=(ol*u,)/20

where; . G} the Mode I fracture energy
o, the failure stress
u,, = the crack normal displacement at which complete loss of strength takes place

I

In the crack detection sensitivity study, described in the previous section, the tension stiffening
was defined as a stress displacement curve. The shape of this tension stiffening curve is
determined by selection of the intermediate points. (See figure 10 above.) In this study, the
monolithic dam model was analyzed using three different stress-displacement curve shapesto
define tension stiffening in the model. The failure stress and the displacement at which the stress
across the crack reaches zero were held constant and the definition of intermediate points was
varied. An additional analysis was also completed in which tension stiffening was defined using
the failure stress and Mode I fracture energy. For this comparison, the analysis designated NLX9
(shown in figure 9 for the crack initiation study) was modified to increase and decrease the area
under the tension stiffening curve as shown in figure 12. All other material properties were held
constant. One additional analysis was also completed in which the fracture energy method was
used to define the tension stiffening as shown in figure 13. The Mode I fracture energy was
calculated from material properties used in analysis NLX9. The tensile strength was 15 1b/in? and
the Mode I fracture energy was 0.04.
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Figure 12

Figure 13

Shear Retention Model

Another feature of the ABAQUS/EXPLICIT concrete cracking model is the post cracked shear
behavior. The mode II shear behavior is based on the fact that the shear modulus is reduced as
the crack opens. The post cracked shear modulus is defined as a fraction of the uncracked shear
modulus, as follows:

G, = o(e,, ™G

13
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where: G, = the post cracking shear modulus
G the uncracked shear modulus

the shear retention factor

£~ = the crack opening strain

This relationship can be specified in a piecewise linear form, as shown in figure 14, orina power
law form, as shown in figure 15.

Figure 15.—Brittle Shear, Type = Power

Figure 14.—Brittle Shear, Type = Law

Refention Factor

In the previous sensitivity studies, the shear retention was defined using the power law method
with an exponent of 2.0. In this sensitivity study, in which only the shape of the shear retention
curve was varied, results from three analyses of the monolithic dam model were compared. For
this comparison, the area under the brittle shear curve was increased and decreased by varying
the exponent used in the power law definition, as shown in figure 16. The analysis designated
NLX9 used an exponent of 2.0; the analysis designated NLX9SH]1 used an exponent of 1.0; and
the analysis designated NLX9SH?2 used an exponent of 3.0. All other material properties were
held constant.

Figure 16

14
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Material Properties used for Non-Linear Analyses of Five Joint
Configurations

Based on the sensitivity study approach described in the previous sections, non-linear tensile
strength parameters for each of the five analysis models were selected. Material properties
applied to the various models are summarized in table 5.

Table 5.—Material properties used for analyses of five model types

Model Elastic Compressive Tensile Max. Crack Mode |
Modulus Strength Strength Normal Fracture
: Ibfin? Ibfin? Ib/in? Strain Energy
infin
M2Ms 2302.6 25.7 15 0.0065 0.04875
MemM11 3758.8 41.97 20.5 0.0055 0.056
MIM10 5172.1 52.1 23.7 0.0046 0.055
Mi2M13 2804 26.2 15 0.005 0.04
M14M15 3948 214 13.1 0.0033 0.043

The Mode I fracture energy method was used to define the tension stiffening in each of these

analyses, as shown in figure 17.

Figure 17
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The post cracking shear reduction was defined using the power law method with an exponent of
two for each of the five analyses as shown in figure 18.

Figure 18 i

Loading Conditions

Static Loads

Gravity and reservoir loads were applied to each of the models in this study. The application of

static loading was completed gradually over five analysis loading steps as summarized in table 6.

Low viscous pressures, 5 1b/in? or less, were also added to contact surfaces to reduce “numerical
chatter” on the contacts as gravity was applied. These viscous pressures were removed before

the application of dynamic loads. The reservoir load was applied as stepped uniform pressures

on the upstream face elements of the dam. The reservoir surface elevation was 35.48 inches
(one inch below the dam crest). Equivalent uniform pressures were calculated setting the
hydrostatic pressure distribution for each horizontal row of elements equal to an equivalent
uniform pressure load applied over the height of the elements. The application of pressure loads
is illustrated in figure A.4. Spreadsheet calculations of the pressure loads are shown on

figure A.S.

16




-

| (NN

A

i

oy

o

)

— oo

r—

——
-y

Py

{.-u-u,

)

sy =

I

['f'

—

DSO .
| Table 6.—Loading Sequence‘for Static Analyses
Load Step - Step Duration | Load
1 0.0 to 0.25 seconds Contact surfaces were established
2 0.25 to 1.25 seconds Gravity with viscous pressures
3 ' 125t01.50 seconds - | Noload change
4. | - 150t03.00seconds | Reservoir
5 © 3.00 to 3.50 seconds | Removal of viscous pressure's |

Dynamic Loads

Hyd rodynamlc Interactlon

Westergaard’s added mass approach was used to model the hydrodynamlc interaction for all the
models in this study. The program, WESTMAS, was used to calculate the mass values, which
were then attached to nodes on the upstream face of the dam. In ABAQUS/STANDARD
analyses, three directional components of mass were applred In ABAQUS/EXPLICIT analyses ‘
only a scalar mass value can be used.

Acceleration Record

In the laboratory experiment, a sinusoidal acceleration record with a frequency of 14 Hz was

- applied to the base of the model in the upstream-downstream direction. It was intended that the
- amplitude of the acceleration would be increased in 0.25 g increments of 30 second duration until

failure of the model occurred. In practice, the input motions applied during each shake test, as
measured by an accelerometer located at the base of the foundation, varied somewhat. i
Figures A.6 through A.10 show the input acceleration records during the shake table tests, Two
shake test were completed for each of the five model confi guratlons (Note that the acceleration
records are not all plotted to the same scale. ) : :

In the computer analyses modelmg such long tlme per10ds (on the order of 300 seconds) was not .
feasible. Therefore, sinusoidal acceleration records of 14 Hz frequency were created with 0.25 g
amplitude increments of lesser duration until the analysis indicated failure. Figure A.11 shows
the input motion used for the preliminary linear elastic analyses of the monolithic dam model. In .
this input acceleration record, each 0.25 g amplitude increment was applied for a single cycle
until a 1.5 g amplitude was reached. Subsequent to the preliminary analyses, this record was
modified to apply each 0.25 g amplitude increment for a duration of 10 cycles. This acceleration
input record is shown in fi gure A2,

17
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Preliminary Analyses

Foundation Sensitivity Study

The first preliminary study was conducted to determine the effect of removal of the foundation
from the finite element model. . The models tested in the laboratory were constructed in a

concrete block foundation. Originally, the finite element model also modeled the concrete block

foundation. However, it was determined that analysis time could be substantially reduced

through removal of the foundation. Although the material properties used for the dam “concrete”’

were scaled using similitude properties, the foundation block was not. This resulted in an
extremely high dam to foundation modulus ratio. For example, a foundation modulus of

3,000,000 psi combined with a dam modulus of 2,303 psi results in a foundation to dam modulus

ratio of 1,302:1. It was felt these laboratory conditions could be reasonably modeled using a
fixed foundation dam mode! with significant solution time savings. Linear elastic static, modal
and dynamic analyses of the monolithic model with and without discrete modeling of the
foundation were compared to quantify the effect of the removal of the foundation model from the
analyses. The comparison of results from these analyses, with and without a discretely modeled
foundation, indicated that finite element models of the dam with fixed boundary conditions can
be used to accurately simulate the conditions in the shake table tests with a two thirds reduction
in the time required to complete the analyses. Therefore, the remainder of the analyses in this -
study were completed using dam models with fixed boundary conditions rather than using a
discrete foundation model.

ABAQUS Solver Selection

The second preliminary study was conducted to select the most appropriate version of ABAQUS
for use in the remainder of this study. There are two versions of the ABAQUS finite element
program available: ABAQUS/EXPLICIT and ABAQUS/STANDARD. Preliminary linear
elastic analyses of the monolithic dam model were completed using both versions of the
ABAQUS program. Results were compared to determine if a preferred version could be
identified, and to verify that both versions of the program would produce the same results linear
elastically. The results of this comparison indicate that either program could be used equally well
for static loads. Kinetic energy was evident during static load application in the EXPLICIT
analysis; therefore, it is recommended that empty load steps be inserted after each static load -
application step to allow the kinetic energy level to return to zero before the next load is apphed
However, the results of the dynamic analyses indicate that the EXPLICIT version of the
ABAQUS program should be used for the rest of the analyses in this study. The energy ]evels
(both kinetic and strain energy) and acceleration amplitudes appeared to be increasing ‘
exponentially as the STANDARD dynamic analysis progressed resulting in stresses and
displacements that were unreasonably high.

A detailed discussion of the results of each of these preliminary studies is included in
- Appendix C.
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Results

Summary of Results From the Laboratory Shake Table Tests

Resu]ts of the ]aboratory shake table tests are summarized in table 7. Shown are the input
amplitude at which cracking was first detected and the input amphtude at Wthl’l failure occurred.
Failure is defi ned as the total collapse of the structure '

Table 7.—Lé'boratory results

Model 1D : Model Type = Input Acceleration Input Acceleration
- RN Amplitude at Initial Amplitude at Final
Cracking - Failure
- M2 . “Monolithic 1 0.75 N - 5.00
M8 o - "Monolithic ' 180 1.50
- M6 Single Vertical Joint ' 0.70 - : 0.85
M11 Single Vertical Joint 1200 0 1.20
M9 Single Horizontal Joint 0.85 1.75
" M10 Single Herizontal Joint 1.65 ‘ 1.65
M12 Seventeen Vertical - o 0.60 0.60
Joints
M13 Seventeen Vertical ‘ 0.50 0.50
, Joints . , .
Mi14 Seventeen Vertical and S 1.00 - 1.25
Two Horizontal Joints
- M1§5. Seventeen Vertical and 075 0.75
' Two Horizontal Joints ' :

Fié,ures D.1 through D.18 ohow photographs taken during the shake table tests for each of five

‘model types: (1) monolithic mode! (figures D.1 to D.5), (2) Single vertical joint

model (figures D.6 to D.8), (3) Single horizontal joint model (figures D.9 to D. 12), (4) 17 vertical
joints model (ﬁgures D 13 and D. 14) and (5) 17 vertical and two horizontal Jomt model (figures
D.15to D.20). : A : )

Al the test models farlted in thersan.le basic falluré ntode The models cracked vertically through

the center of the arch, and additional cracks formed diagonally from the arch quarter points at the
dam crest curving downward to meet the lower end of the vertical crack. Cracking progressed
until separate blocks formed in the upper central section of the aroh and then these bIocks fell
downstream.
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The extent of the vertical crack varied somewhat for different model types. During shake

table tests using of monolithic dam models, the vertical crack extended two thirds of the dam
height downward from the dam crest, where it joined with the diagonal cracks forming two
separate blocks in the central upper section of the dam. During the tests of the single vertical
joint model, this crack followed the joint all the way to the dam base. In one of the single vertical
joint model shake table tests, the diagonal cracks formed very near the dam foundation contact,
which resulted in the formation of two large blocks, one of which swung downstream, very much
as a saloon style door would swing open. During the test of the other single vertical joint model,
the diagonal cracking was higher in the dam, which resulted the formation of several smaller
blocks. During the testing of the single horizontal joint models, the diagonal cracks appear to
form and join horizontal cracks along the horizontal joint in the center section of the dam before
the development of the vertical cracking in the center section, but the final failure was essentially
the same. During the test of the 17 vertical joint models, vertical cracking developed along most
of the vertical joints. The vertical cracks intersected with the diagonal cracks. This resulted in
the formation of more separate blocks in the upper central section of the dam, but the failure
mode was still very similar. During the tests of the 17 vertical and 2 horizontal joint models,
vertical cracks formed along several (but not all) of the vertical joints that intersected with cracks
along the upper horizontal joint. The diagonal cracks extended down to join with cracks that
formed along this upper horizontal joint, This resulted in the formation of several independent
blocks in the upper central section of the dam. Then, the vertical cracks progressed downward
between the two horizontal joints. As the upper level blocks were displaced downstream from
the dam, new blocks appeared to be forming in the lower section of the dam.

Linear Elastic Static Analyses of Five Model Configurations
Displacements

Maximum displacements under static loads occurred at the dam crest in the center of the arch for
each of the five models as shown in table 8.

Table 8. —Maximum displacements at dam crést under static loads

Finite Element Gravity Load Only Gravity Plus Reservoir Load
Model Designation : (Inches) : {Inches)
M2M8 ¢ e 001 ' | - 0.056
- M6M11 . | - -0.008 | 10.035
M9M10 -0.004 : 0.025
M12M13 - ©-0013 : 1 0.035
M14M15 - 0013 _ 0039 .
Note: Positive displacement is in the downstream direction, ‘
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Contour plots of the displacements in the upstream-downstream direction caused by gravity -

and gravity plus reservoir loads for each of the five models are shown in figures E.1 through E.S.
These contours were each plotted on the deformed shape with a magnification factor of 100.
Figures E.6 through E.33 show contour plots of the normal force acting on the joint surfaces at
the end of the gravity and gravity plus reservoir load steps and the slip magnitude of nodes on the
surfaces. A normal force of zero on a surface area indicates that the joint is open in this area at
the end of the current load step. The slip magnitudes show the magnitude of the slip accumulated
at nodes while the surfaces were in contact. Shp is not accumulated durmg times when the
surfaces are not in contact o

In aIl cases, the dam tends to rotate upstream durmg the grawty loading step The analys:s of the
single vertncal joint model indicated that the upper half of the joint was not in contact at the end
of the gravity load. There was very little radial slipping in the upper half of the joint before the
joint opened. Analysis of the single horizontal joint model showed that the horizontal joint
remained in contact during the gravity load step, the greatest normal forces developed near the
abutments, and movement along the surface was not significant. Analysrs of the 17 vertical joints
model showed all 17 joints opened to some extent during the gravity loading. Joints closer to the
abutment showed zero normal force over the entire surface (no arch action), and joints in the
center section of the arch were in contact on the lower half of the surface and open on the upper -
half of the surface. Because the joints were open during most of this load step, very little
slippage accumulated along surfaces. Analysis of the 17 vertical and 2 horizontal joints

model also showed that most of the vertical joints were open at the end of the gravity load step,
and very little slippage accumulated along the surfaces.” Both horizontal _]omt surfaces tended to
be closed, and there was very little shppage under gravxty load '

In all cases, the dam tended to deﬂect back in the downstream drrectlon when the reservoir load
was added. The analysis of the single vertical joint model showed the joint closing and
remaining in contact. Only very minor slipping (0.0001 inches) occurred at the top of the dam on
the downstream face during the reservoir loading. ' The analysis of the single horizontal joint

- model showed some loss of contact near the upstream face at the abutments and near the

downstream face at the center of the arch, but the joint did not lose contact all the way through
the thickness at any location, and there was no slipping along the surface. Analysis of the

17 vertical joints model showed all 17 joints closing as the reservoir load was added. The largest
contact forces tended to develop at mid-height on the surfaces, and very low contact forces were
being transferred at the top of the joint. Very little slipping along the joint surfaces developed
during static load steps.” Analysis of the 17 vertical and 2 horizontal joints model also showed all
17 vertical joints closing as the reservoir load was applied. Very little slipping occurred along -
surfaces, and the slipping that did occur was associated with the horizontal joints. When the
reservoir load was applied, the lower horizontal joint remained closed, and the downstream half
of the upper horizontal joint opened in sections near the center of the arch. - This joint never
opened all the way through any sectron and  very 11ttle shppmg occurred. 3

Maximmn Principal_ Stresses

The maximum principal stresses determined from analyses of the monolithic model and the -
single vertical joint and the single horizontal joint models resulting from gravity loading were
very similar in value and distribution. The analyses for these three models show that the entire
downstream face is in tension, and the maximum tensile stresses develop at the dam crest, near
the abutments, These tensions develop because stage construction sequencing was not modeled
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in these analyses. Gravity was ramped onto the entire model uniformly during this analysis load
step, and the dam contact fixed against displacement in all three directions, causing tension to
develop at the abutments as the dam attempts to rotate upstream. Most of the upstream face is
also in tension under gravity load. Only the lower third of the upstream face is in compression,
The stress distribution changed when 17 vertical joints were modeled. Most of both faces of the
- dam was still in tension under gravity loading, but in this case, the regions of higher tension in the
upper abutments did not develop because the evenly spaced vertical joints were free to open as
the dam rotated upstream. The maximum tensions tended to develop at the arch quarter points at
the dam base, on the downstream face, as the cantilevers deflected upstream. The values of
maximum principal stress were also lower than those resulting from the other models, When

2 horizontal joints were added to the 17 vertical joints, both the tensions in the upper abutments
and those at the quarter point along the dam base were relieved. In this case, a higher tension
zone developed just below the lower horizontal joint on the upstream face. These tensions were
slightly higher than those seen in the analyses of the other models. '

The maximum principal stress distribution and the stress values resulting from gravity plus
reservoir loading were very similar in all the models. The analyses showed most of the
downstream face in compression, with the exception of some very low tensile stresses in the
upper, central section of the downstream face. In the case of the 17 vertical and 2 horizontal
joints model, these low tensions were more evenly distributed over the central portion of the -
downstream face than in the other four models. Most of the upstream face was alsoin . .
compression for the combined gravity and reservoir loading, with the exception of some low
tensile stresses that developed near the base of the dam on the upstream face. The magnitude of
the maximum compressive stresses resulting from the analysis of the model with 17 vertical and
2 horizontal joints was a degree of magnitude higher than the values resulting from the other four
models, but these appear to be stress concentrations which occur at points of intersection of =
vertical and horizontal joints. - ‘ :

Stress contour plots of the maximum principal stress reéulting from static loads for each of the

five models are shown in figures E.34 through E.43. Table 9 shows the maximum and minimum
principal stress values resulting from each of the five analyses. o

‘Table 9.—Maximum principal stress values caused by static loads

Finite Element Gravity Load Only - . Gravity Plus Reservoir Load

Degg::tlion Minimum - Maximum Minimum Maximum
M2M8 S -0.02 0.42 030 3.69

MeM11 -0.20 - . 043 -0.33 3.74
MSM10 -0.20 0.43 -0.30 3.78
M12M13 -0.23 0.19 -0.35 3.86
M14M15 -0.31 0.52 - - -3.33 : 3.06
Notes: (1) All stresses are in Ibfin?. -
(2) Negative values are compressions:
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Energy Levels

Figures E.44 through E.48 plot the time histories of various energy levels resulting from the
analyses of each of the five models. Each plot shows artificial strain energy, frictional energy
dissipated, total strain energy, kinetic energy, energy dissipated because of viscous effects, and -
the total energy balance versus time for the entire model. Table 10 shows the maximum energy
values for each static analysis. '

" Table 10.—Maximum energy leve! during static loading

Model . | Artificial Frictional . Strain | Kinetic | Viscous | . Total
Energy . Energy Energy Energy | Energy .. Energy
M2M8 0.02 000 2.24 0.03 0.01 000 |
M&M11 . 0.03' 042 -} 130 ¢ .0.03 001 . 0.00
MoMi0 | 0.01 " 086 099 | 001 | 000 | 0.0
‘M12M13 0.03 . 637 140 :|--001 | 001 0.00
M14M15 053 ~135.00 250 | 000 | . o065 0.00

The energy output can be useful in checking the accuracy of the analysis solution. The artificial
strain energy is associated with constraints used by ABAQUS to remove singular modes (such as
hourglass control) and should be negligible compared to the real energies such as the kinetic and .
strain energies. The artificial energy levels were reasonable for all five models, although the .
artificial energy level required when 17 vertical and 2 horizontal joints were used was -
substantially higher than in the other four models. The frictional energy level was also much
higher in the 17 vertical and 2 horizontal joints analysis. - Dissipation of frictional energy - ' :
provided increased damping in this case. The strain energy was also highest when both vertical
and horizontal joints were used but not significantly higher than in the monolithic dam analysis.
Since these were static analyses, the kinetic energy should not exceed a small fraction of the
value of the strain energy. All the analyses generated very low levels of kinetic energy, and the
level of kinetic energy decreased as the complexity of the model increased. The viscous energy
levels were low in all cases. The level of energy dissipated by viscous effects was highest when
both vertical and horizontal joints were included, which seems reasonable because this energy
dissipation is associated with the viscous pressures applied to joint surfaces. In all cases, the
maximum total energy values were very low, mdlcatmg that a good energy balance was achleved.
A sudden increase in energy Ievel appears at the begmmng of the reservoir load step .

(1.5 seconds) in the time hlstory plots for the first three models (M2M8, M6M11, and MOM10).
This sudden increase does not appear in the plots for the last two models (M12M13 and -
M14M15). This is caused by a discrepancy in the load application cards used for the first three
analyses. The reservoir was intended to be ramped on from zero to full hydrostatic load from

1.5 seconds to 3.0 seconds of analysis time. In the first three analysis, one-fourth of the reservoir
load was actually apphed at the beginning of the load step and the remainder was ramped on over
the load step, so the jump in energy level is reasonable. This mput error was identified and
corrected in the final two analyses. In all cases where the jump in energy was recorded, the -
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energy levels damped back down over the load step, and good energy balance was maintained so
that there was no significant effect on results at the end of the load step.

Linear Elastic Dynamic Analyses of Five Model Cbnﬁgurations
Deformations

Figures F.1 to F.5 show the deformed shape of the five respective models at five equally spaced
intervals of a single sinusoidal acceleration load cycle with a peak amplitude of 1.0 g. These
deformation plots are magnified by a factor of 10 so that the upstream-downstream oscillation of
the dam crest is clearly visible: '

In the case of the monolithic model (M2M8), figure F.1 shows the upstream-downstream
oscillation of the dam crest. In the case of the single vertical joint model (M6M11), figure F.2
shows that the vertical joint opens as the dam crest deflects upstream and closes when the dam
crest deflects downstream. In the case of the single horizontal joint model (M9M10), figure F.3 -
shows that as the dam crest oscillates upstream there is some sliding along the horizontal joint. In:
the case of the 17 vertical joints mode! (M12M13), figure F.4 shows all the joints in the central
portion of the dam opening as the dam crest deflects upstream and closing as the dam crest
deflects downstream. In the case of the 17 vertical and 2 horizontal joints model (M14M15),
figure F.5 shows independent blocks forming as the dam crest deflects in the upstream direction.
The vertical joints in the center portion of the dam arch opened, forming separate blocks, which
tended to rock on the upper horizontal surface. The deformations in these plots are greatly
exaggerated, but they show that when a 1.0 g input acceleration amplitude was applied to this
model, some of the independent blocks at the center of the arch completely separated from the

rest of the model. Once the upper blocks separated, the blocks formed between the upper and
lower horizontal surfaces also began to rock. This analysis completed only two loading cycles of
the 1.0 g input motion, which is approximately 0.14 seconds of analysis time at this amplitude

level. At this point, the analysis indicated that a kinematic failure had occurred. The independent '

blocks in the upper central portion of the dam rocked too far in the upstream direction to recover
when the dam below them deflected back in the downstream direction, and these blocks separated
from the structure completely and fell upstream into the reservoir. There were two 17 vertical
and 2 horizontal joints models tested on the shake table: - laboratory models designated M14 and
M15. Model M14 failed during the 1.00 g input acceleration loading, while model M15 failed
during the 0.75 g amplitude input acceleration loading. So these results seem quite reasonable.

Figures F.6 through F.9 show additional deformation plots resulting from the analysis of the

17 vertical and 2 horizontal joints model at lower input amplitudes. Figure F.6 shows the
deformations during the very first dynamic loading cycle (0.25 g). Even with a magnification
factor of 10, only very slight joint openings were visible. Figure F.7 shows deformations
occurring during the tenth cycle of the 0.25 g dynamic load. The three blocks located at the
center of the arch on the crest rocked and tipped as a unit in the upstream-downstream direction,
Each amplitude level was applied for 10 loading cycles, which was approximately 0.7 seconds of
analysis time. Figure F.8 shows deformations during the last cycle of the 0.50 g loading. At this
point, more blocks on the upper section were rocking and tipping in the upstream-downstream
direction, and there was some separation on the lower horizontal surfaces as well. Figure F.9
shows the deformations at the end of the 0.75 g loading.” These plots are very similar to those
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seen at 1.00 g just prior to failure. Blocks in both the upper and mid elevations were rocking.
Blocks in the upper central section of the dam actually bounced on the horizontal joint surface,
alternately losing and regammg contact. :

Figures F.10 through F.14 show photographs of this scale model, M15, as it failed on the shake
table. Each photo is labeled with a time, in seconds, and a frame number measured from the time
of the first observable cracking. The initial crack, which is very hard to see in the photos, was a
vertical crack near the center of the dam that occured at an amplitude of 0.75 g. Cracks are
clearly evident 2 seconds later along the upper horizontal joint and on three of the vertical joints
in the upper third of the dam. Cracks are also beginning to form on the lower horizontal joint.
Independent blocks had formed in the upper and middle thirds of the dam 10 seconds after the
initial cracking, and water was flowing through the cracks. Between the tenth and ' :
eleventh second after the cracks were initiated, independent blocks separated from the scale dam -
model, falling downstream from the dam. The final photos in figure F.14 show that 16 seconds
after the initial cracking all the blocks that formed in the central section of the upper third of the
dam had fallen downstream, and half of the blocks in the middle section had also been washed
downstream The dam model collapsed at an input amplltude of 0.75 g. ’

Displacement Time Histories

Comparisons were made of the displacements measured in the laboratory and the displacements -
resulting from the ABAQUS analyses for each of the five models. Two models were tested on
the shake table for each of the five joint configurations. The dynamic loading for each shake
table test was intended to be a 14 hertz sinusoidal acceleration record, and the amplitude was to
be stepped up in 0.25 g increments of 30 second duration. It was not always possible to create
this exact scenario in the laboratory. Therefore, to create the following comparisons, the input
acceleration records recorded during each of the laboratory tests were examined to locate times at

- which the loading amplitude most nearly matched one of the amplitudes applied in the analyses

before any indications of that cracking had occurred in the laboratory model. Figures F.15
through F.19 show the measured input accelerations from the laboratory tests, with the input
acceleration records used for all the ABAQUS analyses, and a comparison of both at the time
period selected. Figures F.20 through F.24 show time history plots of the laboratory and the

‘analysis displacement time histories at the time period selected for the comparison. Figures F.25

through F.29 show the full displacement time histories recorded during the shake table tests in the
laboratory.

Comparisons of displacements for the monolithic mode! were made during the 0.50 g loading
using the laboratory model designated M2. Figure F.20 shows the displacement time histories at
LVDT #2 (located near the crest on the crown cantilever) and LVDT #1 (located on the crown -
cantilever one-quarter of the way up from the base). Displacements measured and calculated at
the lower elevation were similar. The ABAQUS peak displacement values were slightly lower.
The comparison of the displacements near the top of the dam (LVDT #2) were not useful because
the instrumentation at this location was apparently not functlomng correctly durmg thlS test
Comparlsons of chsplacements for the smgle vertical Jomt mode] were made durmg the 0. 25 g -
loading using the laboratory model designated M6, Figure F.21 shows the displacement time
histories used for this comparison. The displacements at the lower elevation were similar. In this
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case, the laboratory record was offset in the positive (downstream) direction. The entire
displacement record at this instrument was offset by this amount, so this should be considered as
an initial offset of the instrument. The displacements measured near the top of the dam were very
small. As in the previous case, it appears the instrumentation was not functioning correctly.
Comparisons of displacements for the single horizontal joint model were made during the 0.25 g
loading using the laboratory model designated M10. Figure F.22 shows the displacement time
histories used for this comparison. The displacements at the lower elevation were similar. In this
case, the laboratory record was offset in the negative (upstream) direction. The entire:
displacement record at this instrument was offset by this amount, so this should be considered as
an initial offset of the instrument. The displacements measured near the top of the dam were also
offset in the upstream direction, The amplitude of displacement near the crest resulting from the
analysis differed greatly from measured values. The differential displacement (difference
between minimum and maximum peak values) resulting from the ABAQUS analyses range was
0.6 inch, while the displacement differential from the instrumentation was 0.1 inch.

Comparisons of displacements for the 17 vertical joints mode} were made during the 1.0 g
loading using the laboratory model designated M13. Figure F.23 shows the displacement time -
histories used for this comparison. The displacements at the lower elevation were similar. In this
case, both the laboratory record and the ABAQUS displacement curve were offset in the positive
(downstream) direction. The displacements at the top of the dam resulting from the ABAQUS
analysis were an order of magnitude larger then those calculated at the lower elevation;
unfortunately, the instrumentation at this location was not functioning.

Comparisons of displacements for the 17 vertical and 2 horizontal joints model were made during
the 0.50 g loading using the laboratory model designated M14. Figure F.24 shows the
displacement time histories used for this comparison. The measured and calculated
displacements at the lower elevation were similar. In this case, the laboratory record was offset
in the negative (upstream) direction. The entire displacement record at this instrument was offset
by this amount so this should be considered as an initial offset of the instrument. The
displacements at the top of the dam resulting from the ABAQUS analysis were an order of
magnitude larger then those calculated at the lower elevation; unfortunately, the instrumentation
at this location was not functioning,

Acceleration Time Histories

Figures F.30 through F.35 show acceleration time history curves from the analyses of each of the
five models. Acceleration measurements were taken from five corresponding shake table tests.
Measurements were taken at the locations of the six accelerometers for 10 loading cycles at -
selected input amplitudes are shown in figures F.36 through F.45. The only models that
produced somewhat similar acceleration time history records were the monolithic model (M2)
and the 17 vertical joints model (M13). Analysis results from these two models tended to be
higher in amplitude than laboratory measurements, but at nearly the same frequency. Where the
laboratory and the analysis accelerations did not match (M6, M12, M14), acceleration
amplitudes generated by the analyses tended to be higher than those measured in the laboratory,
The analysis accelerations also appear to be at a higher frequency than the measured values.
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Non-Linear Model Calibration Analyses -
Crack Detection (T ensile Stréngth)

Variation in the definition of tensile strength srgmf' cantly affects the results of the dynamlc )
loading. As the analyses progressed, any failure to converge at material pomts was reported in
the ABAQUS status file (*.sta). The analysis was continued with an increasing number of
material points fatltng to converge until the analysis was terminated with an error message
indicating that some elements had become too distorted for the analysis to continue, The current
version of ABAQUS (Version 6.21) does not print cracking information directly to any of the ’
output files generated by the program. It also does not have any crack plottmg capabxhty Future
versions are expected to have these capabilities. To obtain cracking information from the current
version of ABAQUS/EXPLICIT the selected results file *. sel) must fi rst be converted to a '

- results file (*.fil) using the ABAQUS convert utility. The user must create a Fortran subroutine
~ . to read this results file. This code is then linked with the ABAQUS code and used to extract

cracking information, such as the crack status and cracking orientation, ‘from the ABAQUS o
results file. A printout of the Fortran subroutine used for post processing of cracking results in -
these analyses has been included in Appendix H, along with instruction for linking and executing -
the code. The crack information can then be plotted on the undeformed dam mesh. Cracks are -
represented as circles in the plane of the crack at the centroid of the element. Second and third
cracks are also shown, so an element plotted with three orthogonal circles at its centroid has

. cracked in all three directions and no longer has any stiffness associated with it. Thisisa

smeared cracking model; therefore, such elements are not physically removed from the mesh. A
discrete crack will not form separating sections of the mesh when severe cracking has occurred;
therefore, significant cracking in a group of elements can result in unrestramed deformatlon of
surrounding elements wh:ch causes thc analy51s to termmate : :

" The results summarized in table 11 show the effect of variation in tensile strength in terms of

crack initiation, failure to converge in these analyses and the mput amplttude at fa:lure of the two
monolithic laboratory models '

Table 11,—The effect of variation in tensile strength on the
‘ input amplitude that results in cracking

Analysis ~ Tensile Strength Input Amplitude | Input Amplitude
i L ~{psi) .| AtCrackInitiation | At Analysis Termination
NLX7 |- 10 -.+1.00g ' 1.25¢
NLX9 15 - 1259 . 2009
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Shaking Table Study to Investigate Failure Modes of Arch Dams

Figures G.1 through G.5 show the initial crack patterns resulting from this sensitivity study using

the monolithic model. These analyses indicated that cracking would occur on the upstream face
before cracks developed on the downstream face. With only one exception, the initial cracking
was oriented vertically and located at the center of the arch near the dam crest. The one
exception occurred when the lowest tensile strength was used (5 Ib/in?); in this case, the initial
cracks were oriented horizontally and located near the base of the dam in the maximum
cantilevers, '

Figures G.6 through G.10 show the final crack patterns resulting from this sensitivity study.

Crack results are requested at intervals within each analysis step, so these plots represent crack

patterns at the last increment in which crack information was requested before failure of the
analysis to converge. So, in some cases, results may be plotted at increments slightly closer to
failure than in other cases and, for this reason, show more cracks. Therefore, in these plots,
the general crack distribution is more significant than the number of cracks. This series of

_ analyses resulted in the same final crack pattern. They indicate that diagonal cracks would
develop on the downstream face, starting at the arch quarter points at the dam crest, and .
propagate in a downward curve towards the center section of the dam. These cracks would
intersect with vertical cracking at the center of the arch. On the upstream face, vertical cracks
would develop at the center of the arch, starting at the crest and propagating downward.
Horizontal cracks would also tend to form in the center section near the dam base on the
upstream face.

Tension Stiffening

Three analyses, designated NLX9, NLX9TS2, and NLX9TS3, were completed using the -
displacement method of tension stiffening. In each of these studies, a different relationship
between stress and crack normal displacement were defined as shown in figure 12 of section V.
Tension stiffening for analysis NLX9TS2 was defined as a linear curve; for analysis NLX9TS3
it was defined as a steeply dipping parabolic curve; and for analysis NLX9 (previously used in
the crack detection sensitivity study), it was defined as an intermediate curve. One study,
designated NLX9GF, was completed using the fracture energy method of tension stiffening. In
this study, the relationship between stress and fracture encrgy was defined by the linear curve
shown in figure 13 of section V.

’

Table 12.—Variation in tension stiffening definition
Model Designation . Input Amplitude At Crack - Input Amplitude At Analysis
Initiation ~ Termination -
NLX9TS2 ] 1.25 e 2
NLX9 . . 125 o -2
NLX9TS3 - 125 , 15
NLX9GF 125 1.5
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Results of the tension stiffening definition study are shown in the final crack patterns from this
series of analyses. The results were all very similar. Plots showing the crack patterns resulting
from these analyses are included in figures G.11 and G.12. The linear stress-displacement -
‘tension and the stress-fracture energy tension stiffening definitions produced identical results.
Analysis NLX9TS3 indicated that vertical cracks at the center of the arch near the dam crest
would form parallel to the arch axis rather than radlally This orientation of these cracks does not
seem reasonable.

Brlttle Shear Def nition e o

~ Three analyses were used to mvestlgate the effect of varying the rate of shear modulus reduction -

with crack opening strain. The power law brittle shear definition was used in all three analyses

~with different exponents. The analysis designated NLX9SHI1 used an exponent of one, analysis
NLX9 used an exponent of two, and analysis NLX9SH2 used an exponent of three. These brittle -

shear definition curves are shown in figure 16 of section V. The results of these three analyses in
terms of input amplitude of crack initiation and final failure are shown in tablel3.

' Table 13.;Vafiation 'In Brittle Shéar Deﬁnition

Model Designation 'Input.AmpIitude AtCrack - | Input Amplitude At Analysis
Initiation . Termination
NLXGSH1 125 1.75
NLX9 1.25 .2
NLX9SH2 1.25 2

The cracking patterns resulting from these three analyses are shown in figures G.13 and G.14.
Ana]ysns NLX9SHI1, Wthh used a linear reduction of shear capacity with increasing crack
normal strain, resulted in some cracking near the dam crest at the center of the arch that was
oriented in the arch direction rather than radially. This crack orientation does not seem

reasonable, Analyses NLX9 and NLX9SH2 produced nearly identical results.

Non Lmear Static Analyses of Five Jomt Conflguratlons

The results of the non-hnear static analyses were 1dentlcal to the results of the linear eIasnc

analyses discussed in section VIIL.B.

Non-Linear Dynamic Analyses of Five "Joint Qonfiguratigns“ o

Table 14 shows results of the dynamic analyses of an identical arch dam which was modeled with
each of the five different joint configurations. The table shows results in terms of the input
amplitude at which cracking was initiated and the input amplitude at failure. The correspondmg
input amplitudes from the laboratory tests are also shown for comparison. There were two
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Shaking Table Study to investigate Failure Modes of Arch Dams

laboratory tests for each joint configuration. In some cases, the average values from material
property testing for the two laboratory models were used in the material property model for the
analysis. In these cases, results from both laboratory models were listed in the table. In other
cases, the material properties from one of the two models were used in the analy51s and only the
corresponding laboratory results were mcluded in the table,

Table 14.—Results from five non-linear analyses

Model ID Model Type Input Acceleration Input Acceleration
' Amplitude at Initial Amplitude at Final
Cracking Failure

Analysis M2M8 Monolithic - 125¢ | 2.00g

Analysis MOM10 Single Horizontal - 0759 . 1.75¢
Joint '

Joints

i M14M15 Seventeen Vertical No Cracking 0759
and Two Horizontal
Joints

With only one exception, the analyses and laboratory results are in the same range. The one
exception was the 17 vertical joints model, which formed cracks and failed at much higher input
amplitudes in the analysis than during the laboratory test.

Figure G.15 shows the crack patterns on the undeformed mesh along side deformed shape plots

for the monolithic model. It is not now possible to plot crack patterns directly on the deformed
shape, but by viewing the crack pattern plots and the deformed shape plots side by side, it is
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evident that the crack patterns are reasonable for this deformed shape. An additional plot from
the modal analysis showing the third mode shape was also included in this figure to illustrate that
the dam was responding to the higher modes. The modal analysis indicated that the third natural
frequency was 14.8 Hz. The frequency of the input motion was 14.0 Hz. Figure G.16 shows a
comparison of the predicted crack pattern from the analysis of the monolithic model and the
crack pattern resulting from the shake table test of mode] M2. The analysis modeled the failure
mode that actually occurred. ‘

Figure G.17 shows the crack pattem and the deformed shape from the analysis of the single
vertical joint model. The deformed shape plot of the downstream face shows a localized
distortion of elements near the dam base and adjacent to the vertical joint. The vertical joint is
open and horizontal cracks have propagated through the dam thickness at this location. This is a
smeared cracking model, so a discrete crack can not be generated in the analysis. But the crack
pattern suggests that a horizontal crack would tend to open in this area, and a horizontal crack
would lead to the saloon-door type failure seen in the corresponding shake table test.

Figure G.18 shows the analysis crack pattern along side the photo of the single vertical _]omt
model failure in the {aboratory.

Figure G.19 shows the crack pattern and deformed shape from the analysis of the single
horizontal joint model. In this case, the horizontal joint is open, and localized crackmg at the
arch quarter point has caused excessive deformation of elements in this area. The excessive
deformation lead to termination of the analysis. Vertical cracking at the center of the arch is also
evident. Figure G.20 shows this failure mode during a laboratory test.

Figure G.21 shows the crack pattern and deformed shape from the analysis of the 17 vertical
joints model. Again, localized cracking has resulted in excessive deformation of some elements
near the dam crest and the center of the arch that caused the analysis to terminate. Some
horizontal cracks were also evident at lower elevations. Figure G.22 shows the failure of the

17 vertical joints mode! on the shake table. ‘First, the vertical joints began opening and closing,
then horizontal cracks developed connecting the contraction joints, and this caused the formation
of independent blocks. The analysis does not show thls fa11ure model as clearly as the analysis of
the other model types. ' :

Figure G.23 shows the deformed shape resulting from the analysis of the 17 vertical and
2 horizontal joints model along with a photo of this model failure in the laboratory. In this case,
cracking was not indicated by the analysis. A kinematic failure mode was indicated. Both

horizontal and vertical joints opened and closed repeatedly forming independent blocks. These

blocks underwent both sliding and rocking until the blocks in the upper center section fell
upstream from the dam, and the blocks at the arch quarter points at the top of the dam fell’

“downstream. The laboratory model did generate some diagonal cracking that connected with

cracking along the upper horizontal joint. This cracking, combined with the opening and closing -
of the vertical joints, formed independent blocks. During the shake table test, a block near the

" arch quarter point fell downstream from the dam Short]y thereafter addmonal blocks fell

Figure G.24 shows a side view of the failure of the 17 vertical and 2 horizontal joints model.
This figure shows the deformation at failure of both the linear elastic and the non-linear analyses
to further illustrate a purely kinematic failure mode. These deformatlon plots are magnified by a
factor of 10 to more clearly illustrate the failure mode,
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Conclusions

Static Linear Elastic Analyses

These analyses illustrated some of the benefits of including vertical joints in dams. The models
with 17 vertical joints exhibited lower and more evenly distributed stresses. Increasing the
number of joints used in the model increased the amount of energy absorbed in frictional effects
on contact surfaces, which introduces a source of damping in the model. There were no
laboratory measurements for static load application in the laboratory experiments, so no
comparisons can be made with the shake table tests under static loads. The ABAQUS results for
static loading seem reasonable for all five models. .

Dynamic Linear Elastic Analyses

All the analyses resulted in the same general deformation sequence, which matched that seen in
the laboratory shake table test. The central portion of the dam crest deflects back and forth in the
upstream-downstream direction. In models with vertical joints, these joints tend to open as the

“dam crest deflects in the upstream direction and close as the dam crest deflects in the downstream
direction. This joint opening was visible in the shake table models as a very rapid vibration along
the joints followed first by the loss of the reservoir through the joints and additional cracking (in
locations other than along joints), there the formation of independent blocks, and finally the loss
of arch support as the displacement of large blocks increased. Comparisons of dynamic
displacements at the location of LVDT#1 showed that the analysis results match the shake

“table measurements quite well at the lower amplitude input motions (prior to cracking in the
models). It was difficult to make comparisons at the top of the dam because instrument failure at
this location was a problem in most of the shake table tests. This is also the location of the
maximum displacements and, in three of the models, the location of a vertical contraction joint.
The dynamic accelerations resulting from the analyses did not match the laboratory test results,
The analysis results tended to be higher in both amplitude and frequency. '

Dynamic Non-l_.inear Analyses

Results of the ABAQUS smeared crack analyses corresponded well with the respective
laboratory tests with respect to cracking, although interpreting the results does require some
engineering judgement. The finite element analyses predicted concrete cracking in the same
locations and orientations as the cracking that occurred in the laboratory models. The cracking

thresholds computed from the analyses and recorded during the laboratory tests were within the

same range in most cases. The analyses also indicated that the first cracks formed on the .
upstream face, which could not be recorded in the laboratory experiment.

A good correlation was found between the failure modes seen in the laboratoi‘y tests and those

that could be extrapolated from the ABAQUS smeared crack analyses. The laboratory . -
model failures were kinematic failure modes. Concrete cracking led to the formation of -
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independent blocks, which were subjected to continued shaking for 30-second time periods at
each amplitude level until a kinematic failure occurred. In the computer models, failures were
associated with non-convergence of the numerical analysis. When significant cracking occurred
in a localized area, the resulting loss of stiffness in the cracked elements led to excessive
distortion in neighboring elements. Further increases in the input amplitude resulted in non-
convergence in the numerical model. The smeared cracking analysis, however, is limited in that
the full kinematic failure can not be modeled without redefining the mesh to model discrete
cracks as they form to create independent blocks. Where independent blocks were built into the
model, such as in the 17 vertical and 2 horizontal joints model, the ABAQUS analysis did
model the resulting kinematic failure well. The ABAQUS analyses were very successful at
predicting the failure modes seen in the laboratory tests, although engineering judgement is
required in extrapolating final crack configurations and the final failure modes from the crack
patterns that exist at the time when the analysis terminates. The laboratory tests using arch dam
models with five different joint configurations all resulted in similar failure modes in response to
a 14 Hz sine wave input acceleration applied in the upstream-downstream direction. Typically,
the models cracked vertically at the center of the arch, diagonally downward from the arch
quarter points, and horizontally near the base. Independent blocks were formed and then
displaced downstream. Different joint configurations affected the size and number of
independent blocks which formed, but the shape of the cyclic deformation of the dam in response
to this input motion was always the same, so crack patterns were always very similar. The
monolithic and single horizontal joint models were able to withstand higher amplitude input

motions than the other joint configurations.
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Input Accelerations USed in Shake Table Tests of Monolithic Models
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Input Accelerations Used in Shake Table Tests
of Single Vertical Joint Models
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Input Accelerations Used in Shake Table Tests
of Seventeen Vertical Joint Models
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Input Accelerations Used in Shake Table Tests
of Seventeen Vertical & Two Horizontal Joint Models
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Background on ABAQUS/EXPLICIT and ABAQUS/STANDARD

| “STANDARD” and “EXPLICIT” éré separate versions of the ABAQUS finite element program.

ABAQUS/STANDARD is an implicit finite element analysis finite element program. -
ABAQUS/EXPLICIT is an explicit dynamics finite element program. For both the explicit and
the implicit time integration procedures, equilibrium is defined in terms of the external applied
forces (P), the internal element forces () , and the nodal accelerations:
Mi=pP-I

-where: M is the mass matrix for the discrete model and v is displacement.
In both procedures, the calculations used to determine the internal forces (1) are the same:

I Compute material point strain increments

II Compute stresses and state variables from constitutive equations

II  Assemble nodal internal forces, J
However, the calculation of the nodal accelerations differs. The explicit procedure uses a
diagonal element mass matrix. The equations of motion are calculated using the central
difference integration rule as follows:

Step 1: The accelerations are calculated at the beginning of the increment. The

acceleration at any Node is determined by its mass and the net force acting
on it.

4 -7
—Fw) =M (P - 1))

Step2: Velocities are calculated at half the time increment

d d [Af(:m:) + Z"r] &2 P
—=vr JAN=l=0r a0 | vy v

Step3: Displacements at the end of the time increment

d
U{r+d41) = V¢ +.At(r+dr)"‘};v('+ﬂ)

- The kinematic state is “explicitly” advanced to time (¢ + At ) by satisfying equilibrium at time #

and using known values of velocity and acceleration from the previous increment. The explicit
method requires no tangent stiffness matrix. The explicit procedure is conditionally stable and
requires a small time increment.



The implicit procedure uses Newton's method to satisfy equilibrium at the end of the increment
and to compute the displacements at time ( ¢ + At ). Each Newton iteration in the implicit
procedure solves for a correction to the incremental displacements, For each iteration, a set of
simultaneous equations must be solved as follows:

Kic;=Pp-1) - My* 4

where: = Kis the effective stiffness matrix, (a linear combination of the tangent stiffness
and mass matrices for the current iteration (f),) and ¢ is the correction for the
current iteration {j).

The incremental displacements are updated by Au,, = Ay + ¢, The iterations are continued
until a variety of tolerance criteria are satisfied, so the implicit time integration scheme is
unconditionaily stable and generally uses a much larger time increment than the explicit time
integration schemey,;. - :
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Discussion of Results from the P.rellmlnary Studies
Comparison of Analyses with and without a foundation model

The first preliminary study was conducted to determine the effect of removal of the foundation
from the finite element model. The models tested in the laboratory were constructedina =
concrete block foundation. Originally, the finite element model also included the concrete block
foundation. However, when dynamic loads were applied to the original linear elastic monolithic
dam mode! with a foundation model, the analysis required 38 hours to complete 0.34 seconds of
the input time history running on a J class HP Workstation. It was determined that if the
foundation model were removed, 1.0 second of the input time history could be completed in
approximately 8 hours using the same workstation. While the material properties assigned to the
dam “concrete” were scaled using similitude properties, the foundation blocks were not scaled..
This resulted in an extremely high dam to foundation modulus ratio. For example, a foundation
modulus of 3,000,000 Ib/in? combined with a dam modulus of 2,303 1b/in? results in a foundation
to dam modulus ratio of 1,302:1. It was felt that laboratory conditions could be modeled usinga
fixed foundation dam model and significant solution time could be saved. Linear elastic static,
modal, and dynamic analyses of the monolithic model with and without discrete modeling of the
foundation were compared to quantify the effect of the removal of the foundation model from the .
analyses -

Gravity and reservoir loads were apphed followed by a 1 second acceleratron mput record for
the two linear elastic analyses (using ABAQUS/STANDARD), one ‘analysis with and one wuhout
a foundation model The acceleration amplitude was stepped up in 0.25 g incrementsto 1.5 g.
Each amplitude step was applied for one cycle until the 1.5 g amplltude was reached as shown in
Appendix B, figure B.9. Drsplacements maximum principal stresses, and energy levels were
compared to deterrnme the impact of removal of the foundation model. -

The resultmg drsplacements were very nearly ldentrcal for static loads The maximum
displacement occurring at the dam crest, under gravity load only, was 0,011 inches upstream with
or without inclusion of a foundation model. The magnitude and distribution of the maximum
principal stresses were also the same, The maxrmum tension was 0. 43 Ib/in? in the upper
abutments.

Next, the reservoir load was applied, and the dam crest was displaced 0.058 inch downstream,
with or without the foundation model. The magnitude and distribution of the maximum principal .
stresses were the same. A maximum value of 5.7 1b/in’ tensron occurred in a small triangular
element at the base of the dam. Most of the upstream face was in compression.

Contour plot_s of displacement caused by static loads with and witho'ut the foundation model are
shown in figures C.1 and C.3. Contour plots of the maximum principal stresses caused by static
loads with and without the foundation model are shown in' ﬁgures C.2and C.4.

Figures C. 5andC. 6 show energy versus time plots for the gravrty and reservoir load steps
resulting from both analyses Curves shown in red are from the analysrs with a foundation
model, and curves shown in green are from the analysrs without a foundation model. Artificial
strain energy, strain energy, and total energy are shown in these plots “The measured energy

- levels from the two analyses were very nearly identical, The magnitude of the artificial energy

level was very low indicating that hourglassing {the development of spurrous modes) in the



reduced integration linear elements was not significant in either model. Likewise, the magnitude
of the total energy remained low, indicating that the equilibrium was reached successfully in each
analysis. :

The results of the modal analyses with and without the foundation model were nearly identical, as
shown in the table C.1. The first three mode shapes for these two models are shown in figure C.7

and C.8.

Table C.1.—Modal analysis results with and without a foundation model -

Natural Frequencies of Dam | Natural Frequencies of Fixed
and Foundation System Dam
Mode (cycles/second) (cycles/second)
1 9.6421 T 9.6427 -
2 11.2020 . 11.2030
3 - 14.8180 14.8190

Although the same input record, output specifications, and total step times were applied to each
of these dynamic analyses, the automatic increment size, determined internally by the computer -
program, was not the same. This resulted in very few common times at which output from the
dynamic analyses could be directly compared. Results were available at 2.3227 seconds total

time from the analysns without a foundation model and at 2.3228 seconds from the - analysis with a

foundation model, so these times were used for companson of contour plots. Figure C.9 shows
the absolute displacement contour plots at these times. The contour plot shows that the
distribution of absolute displacement was very similar in the two analyses. Fi igure C.10 shows a
time history plot of displacement at the dam crest at the center of the arch for both of these
analyses. The time history plot shows that at the dam crest the displacement magnitude, relative
to the dam base, is very nearly the same throughout the dynamic loading. The analysis that
included a foundation model required time increments to as low as 0.0005 seconds near each of
the input acceleration peaks, but the analysis that used fixed boundary conditions on the dam .
model never used time increments below 0.0040 seconds. The analysis without a foundation
model may not have recorded the absolute peak values; therefore, the differences in the
displacement from the two analysis could be less than the small differences shown in fi igure C.10
(less than or equal to 0.1 inch). Figure C.11 shows the maximum principal stress contour plots
at 2.3227 seconds and 2.3228 seconds in the respective analyses. In both analyses (with and
without a foundation model) the maximum tensions developed at the dam crest, on the
downstream face, at the maximum section. When a foundation model was included in the
analysis, the maximum principal stress magnitude was 23 1b/in% when the foundation model was .
not included in the analysis the maximum principal stress magmtude was 18 lb/’m2 The stress
distribution was also very similar in the two analyses

- Figure C.12 shows energy versus time plots for the dynamic load resulting from both analyses.
Artificial strain energy, kinetic energy, and total energy are shown in these plots. Curves shown

in red are from the analysis with a foundation model, while curves shown in green are from the
analysis without a foundation model. Data available only for the first 0.34 seconds of the
acceleration record from the analysis with a foundation model because of previously discussed
time constraints. The analysis with a foundation model was terminated after 8 hours, after
completing 0.94 seconds of the input acceleration record. The magnitude of the artificial energy
was somewhat higher when the foundation was included in the analysis, but remained low in
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comparison to the kinetic energy level for either analysis. The total energy curves were nearly
identical within the time range where data from both analyses was available.

Kinetic energy levels increased much more rapidly when the foundation model was included in
the analysis. All the energy curves show energy for the whole model, so the higher kinetic
energy values for the analyses without a foundation indicate that kinetic energy was absorbed by
the foundation.
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- Comparison of STANDARD and EXPLICIT Linear Elastic Analyses

The second preliminary study was conducted to select the most appropriate version of ABAQUS
for use in the remainder of this study. There are two versions of the ABAQUS finite element
program available: ABAQUS/EXPLICIT and ABAQUS/STANDARD. Preliminary linear
elastic analyses of the monolithic dam model were completed using both versions of the
ABAQUS program. - Results were compared to determine if a preferred version could be
identified and to verify that each version of the program would produce the same linear elastic -
results, ‘Static and dynamic analyses were completed usmg each versions; modal analyses can be
completed only in the ABAQUS/STANDARD versron ' :

' Gravrty and reservoir loads were appl:ed followed by aone second acceleranon input record for
these two linear elastic analyses. One analysis was performed using the STANDARD version of
the ABAQUS finite element code, and the other analysis was completed using the EXPLICIT
version of the ABAQUS finite element code. The acceleration amplitude was stepped up in .25 g
increments to 01.5 g. Each amplitude step was applied for a duration of one cycle.' This input =
record is shown in Appendix B, figure B.9. Displacements, maxrmum prmc1pal stresses energy
levels and acceleratrons at selected nodes were compared

The resultmg dlsplacements were very nearly the same for static loads. The maximum °
displacement at the dam crest, under gravity load only, was 0.011 mches upstream for both the
STANDARD and the EXPLICIT analyses The magmtude and distribution of the maximum "~
principal stresses were also the same; the ‘maximum value was 0.43 1b/in? tension occurrmg in
the upper abutments. - The reservoir load was applied in the next load step, was causing the dam
crest to displace to a posmon 0.058 inches downstream from its original position. The magmtude B
and distribution of the maximum prmc:pal stresses varied somewhat between the two analyses.
‘The maximum values, which occurred in small triangular elements at the base of the dam on the
upstream face, were 5.7 Ib/in® and 3.7 Ib/in® tension from the STANDARD and EXPLICIT
analyses, respectively. But most of the dam was in compressron and values were very similar
for the two analyses. Contour plots of displacements and maximum principal stress resulting =~
from static loads from STANDARD and EXPLICIT lmear elastlc analysrs are shown in Flgures
Cl3through016 ERTEE . .

Figures C.17 and C.18 show energy versus time plots resulting from both analyses during
application of the static loads. : Curves shown in red are from the EXPLICIT analysis. Artificial
strain energy, strain energy, kinetic energy, and total energy are shown in these plots. The strain
energy curve for the static loads from the two analyses were very nearly identical. The total =
energy curve from the STANDARD analysis, although still small in comparison to other energy
levels, was significantly larger than the values obtained from the EXPLICIT analysis. This B
indicates that a more complete energy balance was obtained using the EXPLICIT version of the -
ABAQUS code, However, the kinetic energy should be zero or nearly zero during the static load -
steps. This was the case in the STANDARD analysis, but not in the EXPLICIT analysis. Inthe
EXPLICIT analysis, the largest values 0.00006 for the gravity load and 0.002 for the reservo:r '
load) were generated at the beginning of the respective load step. The kiretic energy appears to
be damping out during the load step, but does not return to zero. -If additional time were allowed
following each load step, this residual kinetic energy evident in the EXPLICIT analysis would
probably be damped out completely “The magmtude of the artificial energy level is also higher in
the EXPLICIT analysis, and it increases during the load steps. At the end of the gravity load
step, the artificial strain energy from the EXPLICIT analysis was 0.006 and from the
STANDARD analysis it was 0.002. At the end of the reservoir load step, the artificial strain



energy from the EXPLICIT analysis was 0.0175 and from the STANDARD analysis it was only
0.005.

Since the automatic increment size was not the same in these two analyses, there are only a few -
points where output is available at the same times for comparison. Results were available at
2.88 seconds total time from both analyses, and this time was selected for compatison, .

Figure C.19 shows the absolute displacement contour plots at this time. When the EXPLICIT
analysis code was used, the maximum displacement at the dam crest relative to the base at
2.88 seconds was 1.1 inches downstream, and the maximum relative displacement that occurred
in the STANDARD analysis was 0.6 inch downstream. The distribution of displacement was
very similar in the two analyses. Figuré C.20 shows the maximum principal stress contour plots
at these times. In both analyses, the maximum tensions developed near the dam crest on the
upstream face. The maximum principal stress magnitude from the STANDARD analysis was
40 Ib/in?, and the maximum principal stress magnitude from the EXPLICIT analysis was only .
12 Ib/in’, Although stress distribution was similar in the two analyses, the stress magmtudes were
much higher in the STANDARD analysis.

. Figures C.17 and C.18 also show energy versus time plots for the dynamic loading from both

analyses. Curves shown in red are from the EXPLICIT analysis and curves shown in green are
from the STANDARD analysis. The magnitude of the artificial energy was significantly higher
in the EXPLICIT analysis, indicating that significantly more energy was required to control -
hourglassing in the EXPLICIT analysis than in the STANDARD analysis. The total energy curve
was significantly higher in the STANDARD analysis, indicating that the energy balance was -
better maintained during the dynamic loading in the EXPLICIT analysis. Kinetic energy levels
increased exponentially in the STANDARD analysis during dynamic loading, even after the i input
acceleration curve reached a constant 1.5 g peak amplitude. The kinetic energy curve resultmg
from the EXPLICIT analysis stepped up in magnitude as the input record stepped up in amplitude
and then leveled off once the mput acceleration amplitude reached 1.5 g. The intemnal strain .
energy also appears to be i increasing exponentially during dynamic loading in the STANDARD
analysis, but it levels of at a much lower level in the EXPLICIT analysrs

Figures A.1 and A.2 show the locations of six accelerometers and two LVDT’s (mstrumentatlon
to measure displacements), which were placed on the downstream face of the dam during the
shake table tests in the laboratory, and the corresponding Node numbers at which acceleration
time histories were recorded in the analyses. Figure C.21 shows the accelerations generated at
the dam crest, on the crown cantilever (Node 373), from both the STANDARD and EXPLICIT
analyses, the analysis input acceleration record on the right half of the page. The corresponding
laboratory acceleration records (Model M2: Accel #8 and #2) are shown on the left half of the
page. Figures C.22 through C.24 show the acceleration time histories at the remaining five
output location from both the STANDARD and EXPLICIT analyses, along with the
corresponding Model M2 laboratory measurements.

In these plots, it is ev1dent that, whlle the acceleratrons generated from the EXPLICIT analysis
tend to reach a consistent amplitude once the input acceleration has reached 1.5 g, the -
accelerations generated from the STANDARD analysis continue to increase in amplitude
throughout the acceleration loading history. These are linear elastic analyses, so the material
properties used were identical, including the material damping coefficients. The continued
amplification of the acceleration amphtudes seen in the STANDARD analysis results are not
reasonable and appear to indicate some inaccuracy in the STANDARD analysis. The
accelerations resulting from the EXPLICIT analysis were similar, although somewhat larger in
amplitude at the higher elevations, to the measured accelerations. It is also notable that in the
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analyses the acceleration amplitudes tend to be amplified with increased elevation on the dam,
but the acceleration time histories measured for Model M2 in the laboratory do not show any
significant amplitude magnification with elevation. For example, for points located on the crown

. cantilever, the acceleration amplitude generated from the EXPLICIT analysis at the dam crest

(Node 373) was approximately 7.5 g, and the accelerations generated one-fourth of the way from
the base of the dam (Node 4682) were approximately 2.5 g, while the input acceleration
amplitude was 1.5 g. The measured acceleration amplitude at the dam crest (Accel 8) was
approximately 2.5 g, the measured acceleration amplitude one fourth the way up from the dam
base (Accel 5) was approximately 2.5 g, and the input acceleration amplitude was 1.5 g. It was
also apparent that accelerometer #9 was not functioning during the shake test for monolithic
model M2. The complete acceleration records measured during the shake table test of monolithic
model M2 are shown in figure F.35.
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Upstream/Downstream Relative Displacement Time Histories at the Dam Crest
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Comparison of Max. Principal Stresses With & Without Foundation Models
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Figure C.11
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Comparison of Displacement

STANDARD versus EXPLICIT
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Figure C.13



Comparison of Max. Principal Stresses

versus EXPLICIT
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Comparison of Displacements

STANDARD versus EXPLICIT

-9.4e-06

( inches )

ABAQUS STANDARD Anelysis

: Gravity + Reservuir Load
WB: RANBrs . odd ABRAQUS/Stendard 6.1-1 wed 3May 02 09:28:18 MDT 2001
Step:! Reservolr Load Increment 42;: Step Time = 1.000

Primary var: €, )
Daformed Vart U Deformation 3cale Factor: +9,0e+00

+5,.8e-02 ABAGUS EXPLICIT Analysis - No Foundation

Monciithic Dam bMode!

WB1 Mm2mBrex .adb ABFQUS/Bxplicit 6.1-1 Mon Apr 30 10:136:98 MDT 2001

Stept Reservoir Load Increment 13163: Step Time = 1.000
Primary Yar: W, O3
Deformed Var: U Deformation Scele Pactor: +5.0e+00

Figure C.15
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Comparison of Energy Levels

STANDARD versus EXPLICIT
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Comparison of Energy levels

STANDARD versus EXPLICIT
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Comparison of Displacements

STANDARD versus EXPLICIT
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Comparison of Max. Principal Stresses

versus EXPLICIT
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Appendix D

Laboratory Results for Five Different Joint Configurations
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Crack Pattern - Model M2 - Test Date 3/31/99
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Final Crack Pattern - Model M2 -

Test Date 3/31/99



Model M8 - 6/21/00Scuth view, fingl failure

Model M8 -- 6/21/00, South view, initial cracking

Figure D.4
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Model M8 -- 6/21/00, North view, final failure

Model M8 — 6/21/00 North view, iniiial cracking

Figure D.5
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Mode]l M6 -- August 27, 2000 -~ South, initial cracking

Figure D.6
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Model M11 -- 8/22/00 South view, final failure

Model M1t

- 8/22/00 South view, initial cracking

Figure D.7



Model 11 -~ 8/22/00 North view, injiial cracking

Figure D.8
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Model M9 -- 7/19/00 North view, initial cracking

Figure D.9
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Model MY - 7/19/00 , South view, initial cracking

Figure D.10
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Model 10 -- 8/2/00 North view, final failure

Figure D.11



Model M10 - 8/2/00, South view camera final failure

Figure D.12
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Initial Crack Pattern — Model M13 — Test Date 4/10/01

Figure D.13
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Initial Crack Pattern — Model M15 — Test Date 5/1/01
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5.0 seconds After Initial Cracking — Model M15 — Test Date 5/1/01
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12.0 seconds After Initial Cracking — Model M15 — Test Date 5/1/01
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Appendix E

- Static Results_of Linear Elastic
Analyses for Five Different Joint Configurations
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Figure E.1
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Seventeen Vertical & Two Horizontal Joint Model
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+8.49]e-03
-2.632e-0%
-1.077e-02
-1.191=-02
-1.305=-023

Mare 46 .261le- 04
at nede 4073
Min -1.30%@-03
at node 361

Upstream/Downstream Displacement
Gravity Load

Job created 3-%-01
OB : mlsmli%ozig.odb ABAQUS fBreplicit 6.3-3 Fei Aug 31 13:97:15 MDT 3001

Step: Btep-3, 8tep-2 zpply gravity

Inczement 35434: Btep Timm = 1.000

Primazy Vaz: U, U3
T

Det tion Scale 00003

-3.701=-63
+3.%33=- 02
at nmode 13780

Min -3.703e-03
at nods 14749

i Upstream/Downstream Displacement
Gravity + Reservoir Load

Jeb czeated 3-5%-01
CiB: miémilozig.cdb ABIQUS JByplicit 6.3-3 Fra Aug 31 13:57:1% MDT 2661

Step: Stwp-4, Step-4 apply cesezvoiz
3 1 Inczement 36136: Step Tame = 1.300
G Pzimszy Vaz: U, U3
Deformed Vaz: ¥ Defozmation Scmle Factez: +1.000e202

Figure E.5




Single Vertical Joint Model : .
Force on Contact Surface -

HORMF  ASSEMBLY_ X1 _VIT/ASSBMBLY_Il VRT, Magnitude
r +4.8%2a-01
+4,.248%e-01
43 .633e- 01
+2.032e-01
- 42, 426a- 01 s
- +1.813@-01
+1.,213e-01
- 46 . 064e -
+0 ,000e+00
Gravity
2 fee)
l——S
RORNF  ASSEMBLY_I1_VIT/ASSEMBLY Il _VRT, Magnituds
+4.128a+00 e
6l2e+00
.036e+00
. 580a+
0688+00
. 348a+00
. 032a+00 i
«160a@- 0L
. 080e+00
2
J——S

Figure E.6
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Single Vertical Joint Model : M6M11
Slip Magnitude on Contact Surface

FSLIPBRQ ASSEMBLY_I)_VIT/ASSEMBLY_Il VKT
mmr *1.Tlla- 05

Gravity

¥2.433e-04
+5.0088+00

Gravity Plus Reservoir

Figure E.7
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Figure £.8
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¢ Ké@?itude
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s

ASSEBMBLY_ Il TOP

e

S

SR

Force on Contact Surface
Gravity Plus Reservoir

/A3TRMBLY_I1 TOP,

7

Single Horizontal Joint

61
o1
0l
0l
0l

600@+00

A3SBMBLY_ Il BOT
ASBBMBLY Il BOT

+1.438e+00
+1 . 2568a+00
+1.079e+00

1333e

. 53%g-

. 738e

. D00e+00
+1.6%1a+00

+8
+7
+3
+3
+1
+0
+1.
+1
+1
3, *a
P
+4
+2
+0.

CHORMP
[
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- Single Horizontal Joint Model : MOM10
L Slip Magnitude on Contact Surface

s FSLIPEQ A3SSEMBLY_Il_ BOT/ASSBMBLY_Il TOP
03

Gravity

aszEMBLY Il BOT/ASSEMBLY Il TOP

: Gravity Plus Reservoir

Figure E.9
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Sevemﬁen Vertical Joint Model : M12 M
rmal Force on Joint Surf
Under Gravity Load

Esuabag
i

Joint #1

Joint #2

TLY_T3 72 HE/AABDLY T3 _JIME. Kogaitudo
= o .83
B 63

_53_JOBT, 3

Joint #3

Joint #4
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Seventeen Vertical Joint Model : M12 M13

Normal Force on Joint Surfaces
Under Gravity Load

CHORMF
+5
+5
+4
+3
+3
+2
+1
+3
+0

ASSEMBLY I1_J9LT/ASSEMBLY I1_J9RT, Magnitnde

. 73i6w-01
.003=-01
.287w-01
.573e-01
.8%8=-01
44 e-01
. 43%e-01
.146e-062
.000 =100

Joint #9
Center joint

Note : A value of zero for the contact force indicates that the joint is open.
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Model : M12 M

Seventeen Vertical Joint M
Normal Force on Joint Surfaces

Under Gravity + Reservoir Load

22 _F0R,

Joint #1 Toint #2

33944 X 13 98RD.

Joint #4

Note :



Seventeen Vertical Joint Model : M12 M13
Normal Force on Joint Surfaces
Under Gravity + Reservoir Load

CORMF  ASSEMBLY Il JPLT/ASSEMBLY 11 JPRT, Magnitude
+4.101 =+00
+3.588 =00
+3.076 =200
+3.563+00
+2.0%0 100
+1.338 =00
+1.02%=+00
+5.136=-01
+0.000=+00

Joint #9
Center joint

€1°Hq 3andyy
I

Note : A value of zero for the contact force indicates that the joint is open.
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Joint #1

Joint #3

Joint #2

Joint #4
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Seventeen Vertical Joint Model : M12 M13
Slip Magnitude on Joint Surfaces
Under Gravity Load

FLIPEQ ASSEMBLY_J1_JS5LT/ASSEMBLY I1_J9RT

9.036=-05
7.907e-0%

Joint #9
Center joint
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Seventeen Vertical Joint Model : M
Slip Magnitude on Joint Surfaces

Under Gravity + Reservoir Load

PALEREY 4BGLY, T3 TALT/ASSHELY_X3_JFIEY
G 03 .5402-03
54 03, 3480-08

Joint #2

Joint #3 Joint #4
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Seventeen Vertical Joint Model : M12 M13
Slip Magnitude on Joint Surfaces
Under Gravity + Reservoir Load

FELIPEQ ASSEMBLY 11 J9LT/ASSEMBLY Il JPRT
7 +7.143=-04
6.250=-04

S 10 . 000 =100

Joint #9
Center joint

L.
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Seventeen Vertical & Two Horizontal
rmal Force on Joint Surf

Under Gravity Load

Joint #1

Joint #3

Joint #2
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude on Joint Surfaces
Under Gravity Load

reLIBeg us:mag_w:mmam_‘n_ﬂm
Ll

Joint #1 Joint #2

.9292-0%
.393w-09
183 @09
-828a-0%
.le-06

-86

Joint #3
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Seventeen Vertical & Two Horizontal Joint Model : M 14 M15

Joint #1

1al Force on Joint Surf

irfaces

Under Gravity Plus Reservoir Load

Joint #3
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude on Joint Surfaces
Under Gravity Plus Reservoir Load

8329-0%

,,,,,,,,
FE- 92.9600-03

Joint #1 Joint #2

Joint #3
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Seventeen Vertical & Two Horizontal Joint M

Normal Force on Joint Surf

Joint #9
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Seventeen Vertical & Two Horizontal Joint Model
Slip Magnitude on Joint Surfaces

Under Gravity Plus Reservoir Load

E

: M14 M15

i o
) e 98,

A

L I L

Joint #8

Joint #9




Seventeen Vertical & Two Horizontal J th M@d@i .
Slip Magni I

1
) u
: L

Joint #9
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force on Joint Surfaces
Under Gravity + Reservoir Load

CHORMF  ASSEMBLY_I1_HJ1G/ASSEMBLY_I1 ASSEMBLY_I1_WJID/ASSEMBLY I3 ASSEMBLY I1_HJ1A/ASSEMBLY_I1

.08a+00 . 5le-03 6T=-01
.4%e-01 .18e-01 .46=m-01
.14e-01 .44e-01 .A5=-01
. 78e-01 . 70=-01 05e-01
. 43m-01 .96=-01 .§4e=-01
.072-01 .23me-01 .63m-01
. Mle-01 .48=-01 .42e-01
.36e-01 .3%=-03 .ale-01
.00e+Q0 .00e=+00 .00=t00

ASSENBLY_I1_WJIH/ASSEMBLY Il

.1le+00 ASSEMBLY I1_HJ1E/ASSEMBLY_I1 ASSEMBLY_I1_WJ1B/ASSEMBLY_ 1
'332181 .54e-01 .62e=-01
92e-01 .60e-01 52e-01
84m-01 .65e-01 23e-01
.15e-01 .7le-01 .51e-01
77e-01 .77e-01 8lm-01
.38e-01 .83e-01 1ie-01
| 00m+00 -88e=-01 ‘A=
. 42e-032 03e-02
00m100 | 30=+00

ASSEMBLY_11_HJ1I/ASSEMBLY_I1
.01=+00

ASSEMBLY_I1_HJIF/ASSEMPLY 11
.852-01 - =

ASSEMBLY_I1_MJIC/ASSEMBLY_ 11,

.11=+00
aecoo .30e-01 33e-01
‘e .01 .33e-01 'g;e'o1
.79e-01 -23e-01 '35e-01
53e-01 -34e-01 ‘68m-01
'26e=-01 -36e-01 ‘0le-01
oo oD \77e-01 Ole-
: .39=-01 -34=-01
.00=+00 °§3:;3§

ansLj

'View is looking down on surfaces making up the upper horizontal joint

sTH?




Seventeen Vertical & Two Horizontal Joint Model :
Slip Magnitude on Joint Surfaces
Under Gravity + Reservoir Load

FELIPEQ ASSEMBLY I1 HIIC/ASSEMBLY I3 FELIPEQ ASSEMBLY 11 WIID/ASSEMBLY I1 FSLIPEQ ASSEMBLY_J1 _MJI1ASASSEMBLY I1

+6.05e-02 .78e-02 .66=-02
+5.,3%x-03 .68w-02 .83=-02
+4.532-02 .58e-03 .00=-03
+3 . 78=-03 .4%9=-02 16e-02
- 4% .02e-03 .3%=2-02 .3%=-02
+d.3%e-023 25%a-023 .50=2-02
+1.51le-03 1%@-03 67e-02
+7.56e-0% .10=-03 .3%e-03

- %1 .%1e-07 .06=2-08 .5%=-08 V

i

FELIPEQ ASSEMPLY Il MHJIM/ASSEMBLY I1 FELIPEQ ASSEMBLY I1 HIFIE/ASSEMBLY I1 FELIPEQ ASSEMBLY JII1_MHIIB/ASSEMBLY I3 1
- 48 £le-02 . 94m-02 . 94=-02
+4&.74a-02 .07a-02 .§2e-03
+4.06e-03 .dde-03 . t0e-02
+3.382-02 . 34e-02 .5%=-02
+2.71=2-02 47e-02 .47=-02
- 42 .031-02 .60a-02 .35=-02
+1.3%52-02 . The-02 .33%3=-02
+6. 172 -0% 68m-0% A12e-02
+1.64e-07 .32e-08 .07e-0%

FELIFEQ ASSEMBLY I1 MIII/ASSEMBLY I1 FSLIPEQ ASSEMBLY I1_HJIF/ASSEMBLY_I1 FELIPEQ ASSEMBLY I1 _HJIC/ASSEMBLY I3

.63e-02 .97=-032 .0%3e-02
.832w-02 .24e-02 A7e-03
2le-03 . 48e-02 .3%e-03

51le-02 . 7e-032 . 4le-02 :

.8le-02 .98e-02 .53=-02 f

1le-03 dée-02 65a-02 i
40e-02 4%=2-02 TPe-02
0de-0% 46=-03 .534=-03
. 42w-08 . 83e-08 . 4%=2-04

' View is looking down on surf

N3

9T 34X




Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force on Joint Surfaces
Under Gravity + Reservoir Load

CHORMF ASSEMBLY 11 _HI3F/ASSEMBLY I1 CHORMEF ASSEMBLY_I1_HIIK/ASSEMBLY Il HJ
+1.%2=+00 : .36=+00
- +1.33«+00 .15a+00
- +1.14e+00 02e=+00
et +9  49@-01 4 Te-01
oot 7 . 59@-01 . 78m-01
prde. 45 . 69 -01 08e-01
- +3.80e-01 .39%e-01
= +1.90e-01 .69e-01
i +0 . 002100 .00e=+00

ASGEMBLY Il HI3J/ASKEMBLY Il
.4la+00
1le+00
.8le+00
.5le+00
.2lmeC00
.05e-01
03=-01
.0Z2e-01
.00e+00

ASSEMBLY_I1_MI3G/ASSEMBLY I1
.%9=+00
. 23e+00
.04e+00
.6%=-01
.9%e@-01
.2le-01
.48e-01
. Té¢=-01
.00=+00

ASSEMBLY I3 _HJ3IFASSEMBLY_I1 _MHJ
.53a+00
.34et00
ASe+00
.58e-01
.66m-01
. 75e-01
.83=-01
.93e-01
.00=+00

ASSEMBLY I1 KISH/ASSEMBLY Il
. 25=+00
.10e+0D
.40e2-01
.83=-01
.37e-01
. 0m-01
31%e-01
.57e-01
.00=200

LT 231

" View is looking down on surfaces making up the lower horizontal joint




Seventeen Vertical & Two H

FELIPEQ ASSWLY 11_WI3IG/ASSENBLY_TI1,

.37=-01
2le-01
.05e-01
8%=-02
.é3w-02
.5%a-02
56=-03
. 33e-02
. 26=-03

FSLIPEQ ASSEMBLY Il _HJ3H/ASSEMBLY Il
.31le=-02
.16e-01
B0e-01
43=-02
§7e-02
.30e-02
. T4=-032
A7e-03
.16=-03%

+1

8T andig

k View 1s looking down on surfaces mal

Horizontal Joint
Magnitude on Joint Surfaces
Under Gravity + Reservoir Load

E’SM?EQ ASSENBLY Il MJ?E‘}ASSMY I3,
7 . 26=-01

dle-01
.58e-02
07e-03
.58e-03
.06e-02
55e-04
04e-02
.3%2-0%

FSLIPEQ ASSEME
83=-02
.0%=-02
.37e-04
.64e-03
.21le-02
d8m-02
. £6e-02
.28e-03
.58=-17

.402-01
. d3e-01
.05e-01
A Pe-02
0ém-02
.3le-02
.57e-02
.84e-03
.05=2-03

.65=-01
. 432-01
.38=-01
.08e-01
. 7%e-032
.73e-03
.6%e-04
.66e-02
.22=-0%

LY_I1 WIIR/ASSEMBLY I3
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force on Joint Surfaces
Under Gravity Plus Reservoir Load

\
||

Joint #8

=

-
e}
)
-

|E

Joint #9
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26 .096e-01
25 . 653 e-01
-5 .205=-01
e 24 . P60 =-01
+4.31%=-01
+3.86%9=-01
+3 . 434 e-01
%4 .37%e-01
24 .584e-01
+3.088=w-01
+1.643=-01
+1.158e-01
+7.%52de-023

?4 T8 e-01
+4.95%e-01
+4 . 073e-01
€3 .74 7e-01
+3.421e-01
+3 .084x-01
22 . 768 e-01
+Z .442w-01
23 .118w-01
+1.78%=-01
+1.463-061
+1.137e2-01
L 28 . 107 e-032

AESEELY_JI1 WIIERSI

F  AS8E
+4.5%8e-01
+4.216e-01

- +3.874m-01
- 23 .533e-01
- $3.1%1e-01
~24.849=-01

+2.507=m-01
+3.16%5=-01
+].834e-01

- +1.483e-01

*1.140e-01

- 27.3285e-03
24 .56 Tm-03

_I1_MIIBCH

+4 .87 e-01
4. 435 w-01
4 . 103e-01

- 93.77de-061

- 9.498=-01

+%.106=-01
+d. 774 w-01
+3.441e-01
+4.10%e-01
+1 .77 7e-01
+1.444=-01
+1.113e-01

e 27 . 199 e-02

CEOBeeF ASSEMBLY I3 KIITESP

- 44 .803e-01
- 44 . 488 =-01

+4.138e-01

+3.787e-01
23 . 846 =w-01
+3.10%e-061
23 .964e-01
+d.423w-01
+3 .083=-01
-+l . 783m-01
+1.401e-01
- +1.060e-01
e 27 . 191 e-83

~ 24 . 43 7m-01
- 94 . 118 2-01
€3 .794e-01
+3 . 473e-01
- 23.150e-01
- 93 . 838 =-01
- 3 . 508 @- 01
€3 . 184 e-03
2] . 863 e-01
+1.541e-01
21.231%e-01
- 28 .57l e-03
i 25 753 e-02

TP | ASSERELY 131 KIITFS

4 .34%9 =-01
- 43 .914e-01
- 93 . 580 e-01
+3.245w-03
+4.310=-01
23 .575=-01
4 .341w-01
- 2] . D08 e-01
+1.570e-01
+1.397=-01
49 . 0280 =-03
- 25 . §T3=- 02

CROBSW  ASSEMBLY 11 KI29G/
- +4.584=-01

CHORREF | ASSEMBLY I3 JTITHSS

- 44 . 451 e-01
4. .13%=-01

(- +3.607w-01

+3.484e-01
+3.163e-01
+4 . 840e-81
24 .%18e-01

- t2.19%e-01

-~ +1 . 87%e-01

- +1.551e-01
- +1.3d8e-01

- 43 . 068d =m-02

- 2% . 8§30 e-02

Gravity Load

s

Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force On Surfaces Of the Upper Horizontal Joint
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CHBNF  ASSEMBLY_I1_JIIAJAS
+2.119 e 00
[ +3 548 =00

+1.09] er00
+5.19] e-01
+7.476=-01
+5 . 76d=-01
+4.047e-01
42.333w-01
+56.180=-02

CHORMF  ASSENMBLY J1 I FB/AS

*1.663 00
+1.526 e+B0
- +1.390et00
- 21 . 35300

- +1.117=t00
+9.800e-01
+8.434e-01
+7.0668e-01
5. 703e-01
+4 .33 7w-01
+3.971e-01
- +1.60%5=-01
+3.393e-02

CCRNF  ASSEMBLY_I1_WI3C/AS

+1.395e+00
- t1 . 468w+ 00
+1.341et00
+1.214 20D
+1.087 =00
+52.605=-01
+8.337=-01
+7.066m-01
25.799m-01
+4.531w-01
+3.263=-01
+1.39%=-01
+7 . 245w-02

+1.804 =200
; 11 .477 =00
- 21 .345 =00
- +1 .23 et00
- 41 . 093 +00
- 49 .6%3e-01
= 48 .3 7% e-01
- 47 .09Te-01
- 4% _§18e-01
- 44 . 540 =-01
- 3 .263=-01
%31 .985=-01
- 47 .053 =-03

CIMMF  ASSEMBLY J1 HISE/AL

+1.516 =00
+1.394 00
+1.273 et00
+1.150 B0
+1.028 w00
+9 0866 e-01
+7.847=-01
+6 . 638 e-01
+5 . 409=-01
+4.190=-01
- +2.97]e-01
+1.753e-01
+5.332e-02

.
CEOBMF  ASSEMBLY X1 _MIIFSAs

+1.450 00
+1.371er00

- +1 . 015 et00
+8.964e-01
+7.777e-01
+5.58%w-01
+5.402e-01
+4.315e-01
+3.047e-01
+1.840-01
+8 . 53%e-02

4148100

ARSEMBLY T1_HI3C/A

%1 .36% =200
] . 248 =00
- 41 .13 er00
1 +1.014err00
3.9 71ie-01
+7.803-01
+8 . 634w-01 .
.3%60-01 Seventeen Vertical &
Egégggﬁ Two Horizontal Joint Model
M14 M15
Normal Force On
Surfaces Of the
Lower Horizontal Joint
Gravity + Reservoir Load
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%1 .54% - 08
+1.416=-06
1 .387 =-06
- *1 . 158 =-06
- 21 .030=-06
+% . 010 =-87
7. 739 a-07
+8 . 436 u-07
+5 . 148 -07
43 .861a-07
*3.578e-07
~ 91 .27 a-07
+1.03%e-18

+4 .588w- 06
4. 183 u-06
+3 . 805 =u-06
8. 43D w- 08
%5 .0%0 - 06
¢4 .870-08
3 .321 m- 06
+1.911le-08
+1.531x-06
+1.153e-06
+7 . 731 e-07
%3 .53%e-07
- 23 . 386 =m-08

+8.083=-04
+7.410=-08
+86.736=-04
+6.063=-04
+5.38%=-08
4 . 711%9=-04
+4.082=-04
+3.368=-04
3 .69%m-04
+3.031=-08
+1.347e-04
+6.797e-0%
e 24 .939 -0

F’S&‘IE’E@ ASSEBLY 11 NTITESP
- 49 . 259 =- 04
- 28 . 487 =-04
-~ 247 . Tibe-04
- 26 . 544 =-04
26 . 1?3 m-04
- 9% 401 e-04
- ¢4 .30 w- 04
- 43 . 858 w-04
+% . 088 =-04
+3.315=e-04
21 .%54%e-04
» 47 . T17e-0%
- 2] 06% w-08

FELIPEG ASSEMBLY I3 HWIITF/S
*?. 878 m-04
+7.318e-04
46 .563e-04
+3.908=-04
*3.389 e-04
+£.993=-04
+3.937e-04
+3.481e-04
%3 .63%=-04
+1.969 =-04
*1.313e-04
8. 570 m-0%
- 28 . 830 =- 08

FELIPEG ASSEMBLY I1_MIZBE#P
+7.808=-08
+7.1%7=-04
28 . 507 e-04
28 §58=-04
+5 . 306 w-04
+4.995 - 04
+5.905 e-04
+3.358e-048
+3 . 608 w-04
+1.3%%=-04
- *1.90%=-04
- 46 .530e-0%
- 21 831 w-07

FELIFEY ASS

+7.711e-04
+7.010e-04
+6.30% =-04
43 .608e-04
+4.907e-04
*4.306w-04
+3.505e-04
+4.804=-04

+3.356 =-09

+8.413=-04 i

Y I3_MIZEDS

mm AZBEBLY J1_JETIBWSI

- +8 . 284 w-04
- 27 . 393 w-04
= 46 .303a-04
- 28 . 31T e-04
- 25 .533e-04
- ¢4 . 833 e-04
- 94 .14%e-04
- 43.453w-04

+3.783e-04%
- 22 .073w-04
+1.383e-04
+6.228e-05
- 2] .64dw-07

Seventeen Vertlcal & Two chzontal J oint Model : M14 MES
Slip Magnitude On Surfaces Of the Upper Horizontal Joint
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FSLIPEQ ASSEMBLY T3 JJIIAFAS

22 .431=-04
+3.228e-04
+3.036=-04
+1.83%2-04
+1.621w-04
41 . 418 =-04
+1.21%w-04
- 41 . 013 m-04
+8.10% =-05
8. 077 e-0%
+4.0%2e-05%
+2.036w-0%5
+4 . 674 w-12

FSLIPEQ ASSEMBLY 11 _JJIB/AS

+7.61%=-0%
+6.981w-03
+6.3546=m-03
- 15 . 711 e-03

- 2% .077e-03
+4.443e-03
- +3 . 808e-03
+3.175e-03
+4.538=-03
+1.904e-03
- +1.36%e-03
+6.346=-04
+7.632e-19

FELIPEQ ASSEMBLY I1_MI3C/AL
~21.d4%e-03
+1.13%9=-02
+1.036=-03
- 49 .333e-03
+8.387=-03
+7.351e-03
+6.31%9e-03
+%.170=-03
- 24 .144=-03
+3.108=-03
- 22 .073 e-03
+1.036=-03
+1.314=-18

FSLIPEQ ASSEBLY X1 _JJIIDFRS
+1.43%=-02
+1.310e-03
+1.191e-03
+1.073=-02
+32.539e-03
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Monolithic Model : M2 & M8

8, Max. Principal
(Bve. Crit.: 78%)
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Step! Step-2 apply gravity Increment 19162: 3tep Time = 1.000
Primary Var: 8, Max., Primec i

Deformed Var: U Deformation Scale Pactor: +1,000e+02
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stepx Btep-4 apply reservoir Increment 28744: 3Btep Time = 1.5%00
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Figure E.34
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Monolithic Model : M2 & M8
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Figure E.35




Single Vertical Joint Model : M6 & M11
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Figure E.37
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Figure E.38




8, Max. Principal
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Figure E.39
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Seventeen Vertical Joint Model : M12 & M13
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Seventeen Vertical & Two Horizontal Joint Model
M14 & M15
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Seventeen Vertical & Two Horizontal Joint Model
Mi14 & M15

b Boneg odb
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Monolithic Model : M2 & M8

Energy Levels During Static Load Steps L
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Single Vertical Joint Model : M6 & M11

Energy Levels During Static Load Steps
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Single Horizontal Joint Model : M9 & M10

Energy Levels During Static Load Steps
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Seventeen Vertical Joint Model : M12 & M13

Energy Levels During Static Load Steps
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Seventeen Vertical & Two horizontal Joint Model : M14 & M15

Energy Levels During Static Load Steps
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Appendix F
Dynamic Resultsj of Linear Elastic Analyses
for Five Different Joint Configurations



1'q 2andLyg

Monolithic Model M2
Deformation At
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Cycle
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Single Vertical Joint Model M6
Deformation At
Five Equal Spaced Intervals
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Single Horizontal Joint Model M10
Deformation At :
Five Equal Spaced Intervals
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Seventeen Vertical Joint Model M12
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Seventeen Vertical & Two Horizontal
Joint Model M14
Deformation At
Five Equal Spaced Intervals
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Seventeen Vertical & Two Horizontal
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Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M15

Time = 00.00 second.frame

Time = 00.66 second . frame

Time = 01.00 second.frame
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Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M15

Time = 01.33 second.frame

Time = 02.00 second.frame Time = 02.33 second.frame
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Crack patterns which developed during the shake table test of seventeen vertical & two

horizontal joint model : Model M15

Time = 09.33 second.frame

Time = 10.00 second.frame



Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M15

Time = 10.66 second.frame
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Time = 11.33 second.frame Time = 11.66 second.frame
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Crack patterns which developed during the shake table test of seventeen vertical & two
Model M15

Time = 15.33 second frame

Time = 15.66 second.frame
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Input Accelerations : Model M10

Single Horizonl idl

- Shake Test =
Input Record Z
e g o.e0 —
- =
'g’:::::
. g :
0.60 166.00 200.00 300.36
Time (seconds)
f— mmmw)
B 3 1.58
i . § 1.00
Analysis 3 o
“ Input Record g o0
Q -0.58
ﬁ -1.08
- §-1.so
H 8.60 12.80
" Total Time {(seconds)
- Shake Test o
. & 'E .20 i
‘ . é 0.40
- Analysis g
; ] -0.40 ]
- Input Record 8 oo ]
-1.20-'-'-1-]
i @ 1°0 g s'i'::ne (secon.d‘s;?

Figure F.17



Shake Test
Input Record

Analysis
Input Record

Shake Test
&
Analysis
Input Record
@.25¢g

Input Accelerations : Model M13

Seventeen Vertical Joint Model

2.80 T ¥ CI
I B e | -
»
- 1,88 - -
g 0950‘“’ ““““““““““““““ -3
e} -
L o.e0
r; ’0550 . -
D 280 j—-------o-oomomo oo —
L ST e — N
2,80 ] 1 i

.08 50.00  100.60  150.00
Fime {(Seconds)

S
8 L]
%]
-]

i.e8 7 T T T
B
~ §.58
8
oo
g 0.80
g -0.50
1.90 i i i i

Figure F.18



Shake Test
Input Record

Analysis
Input Record

‘Shake Test
&
Analysis
Input Record
| @ .50g

Input Accelerations : Model M14

Seventeen Vertical & Two Horizontal Joint Model

[ = mae1 ms necelez |

i.66

1.2¢

2.40
0.80

~0.40 [—---

Accelerations (g)

=1.20

.00 100.00  200.00
Fime (seconds)

306.00

| mpue scealerstion (9)

Toput Acceleration (g)

. . 12.00
Total Time {(seconds)

— JONUS Trput BBETL
= gl MR6 Areel€3

1.6@ v
i.28 i
0.86 ]
ol |
.86

-0.480

Accelerations (g)

-1.29

4.80 £.80
Time (seconds)

Figure F.19



Displacements
Measured Versus Calculated
Monolithic Model : M2

Input Acceleration Amplitude =0.50 g
——  RBRLUS LVITE2

®
@& 0.20
(3
=
H p.10
)
0.00
-0.10 L
]
art
Oy
D _0 °2@ [
E N T T .
— £.40 4.80
— TRS IWDT81 :

ﬂé:? 0 2@ 9 I )] | 1] r [
- -
(3
=
L 28 L —
)

010 e .

S 0 R —

A | g 1 i E 4
a.40 480
Time (seconds)

Figure .20



. Displacements
| Measured Versus Calculated

- Single Vertical Joint Model : M6
Input Acceleration Amplitude =0.25¢g
v | memgus nwre2
-  LAB INDTE2

o A 0.20 Y ¥ 3
z I f | | I

L 2 oas e e —
g o.10[- ’Vﬁq -------
H - )

= 0.05 —}
® N
S )

- g 0.00 'g"“;:;;;;a;%;;g;""p;:;&;:&:
g -0.05 {4 -H4-H ﬁ%

s ol
'a ¥ 4 ¥ \

- B -0.15 -------d @Q --------------------- —
-H ¥
n _0.20 | i | i | i

L 3.60 4.00

T e rem Time (seconds)

—~ 0.20 . : .

| 2 | | I I

» T3 —
ok
g o

o ] .10

0.05

: g 0.0 [ .
bR S —

3

S I L e — -
A pgo L T

i 3.60 4.00
>‘ Time (seconds)

Figure F.21



Displacements
Measured Versus Calculated
Single Horizontal Joint Model : M10

——  ABRQUS LVOTS2

= LABR INTTE2

Input Acceleration Amplitude=1.0g

@sgﬁ ] T’ ] | ¥ | ¥

{Inches)

0.20 jf-+t-d-b-F-b-F- -

¢.00

-0.20

Digplacements

“0.&0 ] ﬂ ] E B E bl

ABROUS LYITEL
= LAB

WDTEL

5,80 §.20
Time {(seconds)

@o&@ et =

092@ ettt -

0. 00 Pririomererttivismat Apiasrrncscyirad

]
L=
'S
&

Displacements (Inches)

5,20 §.00
Time {(seconds)

Figure F.22

g

i



Displacements
Measured Versus Calculated
- Seventeen Vertical Joint Model : M13

Input Acceleration Amplitude = 0.25¢g

—  ABRAQUS LVOTH2

- — 0.20
o | : | |
% 2o -
(3
ﬁ 0.10 |- »—ﬁ ---------- (O .
. St i 1 ‘g
o.os\[ ﬂ % -1
4 000 T 0 N L O O i)
2 or LA
5 -0 ,05 |----- L i%k 0
- 3 -0.10 ---} SR ) U ST | S § SU —
oy !
. L2 IR JE L | —~
-a _0_20 i 3 J 3 | 3 ]
P s — 3.60 3.80 4£.00 4,20
—— 2 worm Time {(seconds})
s x10
—~  20.00 , s
A
0
“ g
” g po—
=i
i £ o e e e e _
n
A ] : R R
- 3.60 3.80 4.00 4,20
Time {(seconds)}

Figure F.23



—  BEAGUS LYDTE2

— RAPGUS LVIFTEL
——— AB IWDTHL

Displacements

Measured Versus Calculated
Seventeen Vertical & Two Horizontal Joint Model : M14

Input Acceleration Amplitude =0.50 g

ants { Inches )

(Inches) Displacen

Digplacements

1.00

0.50

.00

“'@aSﬂ

-1.00

.02

.00 |

-0.02 [HH4-{-

)

&.40 4.80 4.80
Time {(seconds)

4.40 4.6
Time {(seconds

Figure F.24 .



— Model M2 LVDTEL

LVDT#1

—  Midel M2 LVDTH#2

LVDT#2

Displacements Measured
During Shake Table Test
Monolithic Model : M2

0.20

0.10

§
=
a
2
]

wn ~0.20

¢.00 80.00 160.00 240.00
Time (Seconds)

Displacements (Inches)

§ 020 L] l ] ' 1] I L] 'T I L] |
% [

o

H p.10

w

g 0.00

§"0.10

-]

—

o

'0020

A A P TP B PR | B

0.00 80.00 160.00 240.00
Time (Seconds)

Figure F.25



Displacements Measured
During Shake Table Test
Single Vertical Joint Model : M6

]

TRy 1000
]
2
g
LVDT#1 H 0.50
u -
ff 0.00
2 -0.50 | -
=3
o3 ! )
]
B -1 .08 P | | T I

. 9.00 80.00 160.00
Time (Seconds)

I—m mmnl

- T T
&
8
& 06.08 —
L3

LVDT#2 = I ]
B
§°095ﬂ-—= hine
0
L]
ﬂ s =t
43
) :
A-reel o0

8.00 80.00 160.00
Time {(Seconds)

Figure F.26



LVDT#1

e LIV

LVDT#2

Digplacements (Inches)

Digplacements {Inches)

Displacements Measured
During Shake Table Test

Single Horizontal Joint Model : M10

-0.40

0.80 SESSE EELEE SEE LD SR SRS 8 S e

0.0 |-

-0.80 boe-d--p-dog--b-g-cb-opd-mpode-

0.00 100.00 200.00 300.00
Time {(Seconds)

0450 |-

'1.00!'!']'!'!'['

0.00 100.00 200.00 300.00
Time (Seconds)

Figure F.27



- LAB L¥DTH1

LVDT#1

= LAD LVDTE2

LVDT#2

Displacement (Inches)

Displacements Measured
During Shake Table Test
Seventeen Vertical Joint Model : M13

Digplacement {(Inches)

0.02

0,00 |-

-0.02

-0.04

"0006

-0.08

-50.00 5¢.00

4.00 |

2.00

¢.00

-2,00

“’400@

Time {(Seconds)

-50.00 50.00

Time (Seconds)

Figure F.28

P



Seventeen Vertical & Two horizontal Joint Model : M14

— Model M14 LVDTHL

LVDT#1

—  Model Ml4 LVDTEZ

LVDT#2

Displacements Measured
During Shake Table Test

Digplacements (inchesg)

Digplacements (inches)

0004 T T T T TTTTTTTETTTTETEsT s TS 7

0.00

-0.02

-0.04

0.00 100.00 200.00 300.00

Time (seconds)

0.02
0.00
-0.02

-0.04 |

0.00 100.00 200.00 300.00

Time {(seconds}

Figure F.29



Monolithic Model : M2

Comparison of Measured Versus Calculated
Accelerations

a 2.88
8 ;
% o.88 | Eﬂ
¥ J
PR
8.88 £.89

Fize (ssccade)

4
]
T

6.88 8.80
H

Fime (eecconds

Accel #8

PUP™S PR PR W
a.48 8,88
Pime (secoods)

Accel #7

1.63 IR S |
8.4 £.80
Plme (sscoads)

Accel #10

Green = Analysis
Red = Laboratory

Accel #9

Figure F.30

3

s



- Single Vertical Joint Model : M6

- Comparison of Measured Versus Calculated
Accelerations

J 0

3.80 8.86 3.8% .88
Fotal Pime (seconds) Total Time (secopds)

L Accel #8 Accel #7

[
8

bl

A.uoicneim (g}
£ 1]

|||||||
5.66 &.00 3.60 5.88
Total Pime (seconds)

| Accel #6

®

]
@
.ﬂ

{
accelerations (g}
Ascelezations (g)

Accel #10 Red = Analysis Accel #9

Green = Laboratery

Figure F.31



Single ]

lorizontal Joint Model : M10

Comparison of Measured Versus Calculated

Accelerations

o 38588
i5.83

(g

§ B.88 -

&4

.89

hosai

T T 0
F 1
3
-$.88 f--i- Hil E
— L L LA
[
L)
T | 1 1

T ¥
o3 4 4
BIELE
9
¥ L] i
LE8 ]
i 1 A i
5.68 6.20
Pime (seconds)

.89 ¥ T
- 15.88 14
® ¥
16.09 - i
% 8.8 11 y

Accel #5

T T v
I\ i
)
114
-
v...1
L}
i L
5.83 820

Accel #10

Red = Anslysis
Green = Laberatory

Accel #9

Figure .32

.......



Seventeen Vertical Joint Model : M13

Comparison of Measured Versus Calculated
Accelerations

.
-]
8

Acosleratien (g)
L]

3.68

Acesleratien {(g)
-

.
8
8

.
p
8

®
¥

o

SV R

" é
iahabaa
¥
J.;io; '.s.ai )

Accelezatien (@)
@
3

$
8

Accel #10

Green = Avalysis

Figure F.33



Seventeen Vertical &

Comparison of Measured Versus Calculated Accelerations

(-]
8

Accelezations (@)
&
8

Two H

orizontal Joint v

=] [

$ ¢

8 ]
gy

¢
8

hocelezations {g)

'S
i
8

@
8
e

¢
8

hosslezations (g)

® '
Bt

¢
8

accelorations (g

w B
pooepor

8

;

8
=
;

Acseleraticns (g)
U U &
2

Accel #10

Red = Amalysis
Green = Laboratory

Accel #9

Figure F.34



Measured Acceleration Records

- Monolithic Model : M2

o
.
z
X
3
g X
© -, o
X
| .
X
3 e
s g y
=18,
s
;;;;;;;;;;
-

- Accel #10 Accel #9

Figure F.35



Measured Acceleration Records -

Single Vertical Joint Model : M6

ggptadatadadot ot offt Gogglalaolalalalalollads
9.88 £9.20 299.59 265.89 3I.83 0,88 .
Fime (secoeds) s

Accel #10 | Accel #9

Figure F.36



Measured Acceleration Records

Single Horizontal Joint Model : M10

Acoelszations (g)

39.08La A o B o @ ok

.............

§.99 165.60 200.88
Piwe (seconds)

Accel #8

s
8

'''''''''''''

Accelexations (g)

&
¢
8

llllllllllll

Acgeleretions (g)

3

g

8
g

Acceiexacions (g)
$ = 0w
B 8 8

lllllllllllll

lllllllllllll

“9.88  100.99 289.88 309.98

Pizme (seconds)

Accel #10

Accel #9

Figure F.37



Measured Acceleration Records

Seventeen Vertical Joint Model : M13

-8.88

€.88 $9.68  189.88 139.89
Pima (secoads)

......

Accel #8

-8.83

......
2,88 39.60  198.88 390.89
Pize (c=comds)

-8

-8.88

9

''''''

......

.89 39,69 158,88  258.89

Pims (secmsin)

Accel #10

Accel #9

Figure F.38




Measured Acceleration Records

Seventeen Vertical & Two Horizontal Joint Model :

3.8 vy

-

B 2.9 SR To—

a 2.88

]’ 8.89

-s.gpla b Lt
0.¢8 rlun 00,98 300.60

vime (seconds)

Mi4

Accel #8

_ 2 i i 8
Ou mu mu 30085
Pimp (seconds)

anu e

Pims (seconds)

-8
.89 lll.“ aou 308.60

Accel #6

e 10508  200.58  300.98
Pime (seccnds)

Accel #5

3.0 & i N
9,68 200,98 288.68 388.56
Pime

{seconds)

Accel #10

Accel #9

Figure F.39



Measured Acceleration Records -
Seventeen Vertical & Two Horizontal Joint Model : M15

-----------

s g
8
]

!

Acgelezatien (@)

2

8

{

i }
hooelezatisn (@)

@

]

Accel #10 Accel #9

Figure F.40



Accelerstions (g}

Measured Acceleration Records

Monolithic Model : M8

H
2.68

|
©.68 —
1.00 }

]
h
8

o.o; 136.90 290.60 386.9%
Pime (Seconds)

hocelerations (¢}

»
e B

1.08 +
1

9.98 |

1,00 !

....................

Acsslexaticas (¢)

Accel #8

2.6 .I
.88 i

6.68 |

r.o0f|— d

»
:
2

8.00 235.08 265.68 380.80
Pime (Seconds)

89 330.90 360.80 356.60
{Sscunds)

Accel #6

|l

Accel #5

{osded o BafoloBabokolaksithl
€.56 126.96 280.09 368.0¢
Time (Secondsh

Accel #10

Accel #9

Figure F.41



Measured Acceleration Records

Single Horizontal Joint Model : M9

£ 1

Asselezations (@
[ ®
8 8
I
1
|
i
!
i
i

-8.89

...... i

8.09 ©.10 .20 8,38 8.80 ©.38
Pime (sscoads) 6xe°)

Accel #8

-£.89

s koo B o R o B o A
0,88 9.59 0.22 0,36 0.20 6.38
Plma { p =28 °3

Accel #7

6.80 8,38 ©.30 0.9 .49 0.39
Ples

{secoads) 0200 °)

Accel #10

Accel #

8,80 0.2 2.38 6,30 0.80 0.30
Plms (escoads) 29 °)

Accel #9

Figure F.42




Measured Acceleration Records
Single Vertical Joint Model : M11

.80 £3.00 168.09 2380.85 323.88
seconds)

Accel#8

Acceleraticns (¢

¢
8

bl

Lol i Las d
6,68 85.59 1260.66 210,30 329.66
Pime (seconds)

[
"
)
'
i
H
H
1
!
i
H
i
'
i
H
i
i
'
i
i
'
i

@
8

[
g

hoccslerations (g}

¢
8

Accel#6

I
—

e P »
8

»
8

Aosclezetions (g)

o
8

0.00 $0.00 160.00 260.08 238.80
Pime (seconds)

26000 33000
Fiee (seconds)

Accel#10

Accel#5

[
8

Acoelexations (g)

¢
8

P | i ] . | -]
0.80 80.99 160.00 349.60 328.2¢
Pime (weconds)

Accel#9

Figure F.43



Measured Acceleration Records

Seventeen Vertical Joint Model : M12

eMEETITTITETyYTTITIY 000§ 8§ 20000 ey -5
- e
3 2.8 3 2.9
2.82 8
2 o
3 -2.88 2
§ -8.68 § “2.68
6.8 4.0
-8.88 Ao B oo B o 8 [ o B 3 3 i 8 I 8,
8.8 130.869 285.80 388.30 9.8 160.59 289.80 339.85
Piee {(seconds) Pime (seconds)

Accel #8 Accel #7

uuuuuuuu
2.88 2.89
- o~
2 e X
§ g e
8.88 B
8B fememmenemnn e
B 1
9 1.0 2.88
- -] RN =
-2.88
-2.88 - 1
-3.€2 YOI VT U U S W S -3.88 I Ba 8 B 3 o8 o0l
9.89 190.59 290.90 309.89 9.93 193,89 368.89 382.88
Pime (seconds) iz (secoads)

Accel #6 Accel #5

$
8
el
o
]
At

Aseelezatien (g@)
&
8
SR
[
8

FC T ) SNRSER N S——— . S——

'va 3 A 2 I 2 FY i

.89 120.30 380.92 383.83 8,68 198.89 200.60 3F0.B
Fime (secoads) Fime (secoads)

Accel #10 Accel #9

Figure F.44



T

|

—

 f—

 gu—

(e

['__._,;_ "

Appendix G
Dynamic Results of an-Linear Analyses
for Five Different Joint Configurations



Mods ) Prectsrs Grongy

Frasture Energy Tonsion Biiffing Definition

& 2 ¢
§ e ) evagg ogeuny

L

NLX9GF

BT

Monolithic Model

Resulting Crack Pattern On Downstream face

/
NLX9TS3

-
i
1]

Variation Of Tenslon Stiffening Definition

]
|

JIRNEEEEERE
1711
|

NERENN
/

grof 11T Tt

|
/

Variation of Tension Stiffening Definition

CHOIC)

Crack Normal Dispiscoment (inches)

& 2 g w ©
{ jod ) ss0Rg SBUSE

AN EREEEEIL

@ Figure G.11


lmogck
Figures G.1 through G.10 are missing in original document


. ZZEN -
HE U m |
o P - i i
5 m K
= \
0 — H ” { 8 ) conge SgEwss
= eI N FHEE= =T
e = _ = i
N,m e BEAL [L,
al : : \ Q
g . / ]
o = T uN e
.m ] m ] 1 M ]
288 T
 oF 1 1
ﬁ M A = W i
" o o=
»n 2O =
g S E u
0 Ll | o)
RN A
-
= m 8 W., L
L o T
= 8 EZEN EE0 <
o g us as ]
o & n B N 3
= : : 11}
3= : : s | -
<

0.008

0.00¢
Croek Norne! Bigplocomont (nahes)

fe]

?!
AIERRRNA
]

]

b
§

{

vl

o.0m

)
1Y
|
Vasigtion Of Tension Stifiening Definition

]
g
é
Ry, | Wy | e | o | oo | e | e

1

/]

]

|

{ 154 ) ssoag eysuay

W T
Y

VI L L LT

W
Y

(TRNEN N

Figure G.12



) g8
1] X
) i | mm
o SE
) m i 5 ,
o \ 2 : g
- ]
- B M ] m 2
= : !
-8 m 3
(3]
- &
-l ~3333°
s % M m iopeg uopuUERY JeeyS
(D) £
= 96
O B&
s - & m
@) m '8! N iy
s =g I i
S B T NN
o % B .
2% D M.m,lMllmulllp’ulll,.w WW Im. w
= \ T =L B
- = o +—\
3 g
m 0o @)\ %
D0
-~ > Z2 2

Figure G.13



Y

LAty

1

Pt ittty

{

NLX9

AR

oy | e | e | e

Brittie Shear, Typs = Power Law

]

—o—NL® P=2
—8— NLOSH! P=1
NL@SH2 P=3

- ® ©® 9 N O
c oo O O
20198 VOPUSISY JBBYS

0.004 0.008

0.002

llll

YRR ERN

iy

NN

Monolithic Model

NN

1

AR BEE

1

Resulting Crack Pattern On Upstream Face

IR RERN-R

I

Definition Of the Shear Reduction Curve

(@)

&
S0
]

L

c3

giiiiit
|

i

1011 1N
i [0[s]00]0
Ao e

®

7

t

s

@

aria
NLX9SH1

T

]

\Y%

11

!

VI [ JTT

W/l § 7

TNEN N NEER NN

Wil

&
M ,,,,,,,
w
o
s

Figure G.14



[

Monolithic Model - M2M8

Crack Patterns and Deformed Shape

Deformation Magnification

=20

§

i, SRS

-..,,-..,-.—._..-_..—,a;
-~

oy, | Ty, | T | e | e | e | e

s S

Figure G.15



97" 3andLy

Monolithic Model
Analysis M2MS8
Laboratory Model M2

Predicted
Versus
Actual Crack Patterns




L |
m [,
S HEEN
- -
. = 1T \
QO = A
Qg 2 BEl
3 Bl NOR
m ¢ : \ [
m P s M # ” |
= & .
- D e EREDOE
SN e BEND e
ey m i
—_— 2 T ;
S 54 1] i
2 4§ 1] | N
. < . -t
553 T
RN V m .m
EN QL R E
T m,olm m
- . - m °
& v U4

Figure G.17



815 23y

o
Fa
(

Single Vertical Joint Model — Analysis M6M11 — Laboratory Model M11
Predicted Versus Actual Crack Pattern

I S S S S N S SR £



-
S
] o
H —_ D
— Q
. o & -
s S £ ]
= S @ ,
. = © 1 HEN
P
EEER — = 3 2 = |
SEEs . 842 SEC ]
] == Sls _
S 5%
o BT
R T 7
Q e.M 1]
T 55 N
L g .
e 5 m HW- .
= =

- Figure G.19



075y 2InBLY

AREEEEE W
NRERE! IRNRERRCRENNY/
IRREOED 7 NNRERNEN
\ lalefale el [

!
1 naay
L_L__ ™

Single Horizontal Joint Model — Analysis M9M10 — Laboratory Model M10
Predict versus Actual Crack Patterns

F,:
F""ﬂ
F
:
.




e

Seventeen Vertical Joint Model

M12M13

Crack Patterns and Deformed Shape

=2

Deformation Magnification

ol ™ [ = f e |

Slo[e[o[2[0[0IC
W=N=1[=1-]e]le]

I

o

]

UH!?.T’FTIOF

Figure G.21



7T'5 2an3yy

=
‘

P T e el il

Seventeen Vertical Joint Model
Analysis M12M13

Laboratory Model M13

Predicted versus Actual Crack Patterns




€75 aan31g

Upstream View

Seventeen Vertical
and
Two Horizontal Joint Model

Analysis - M14M15
Laboratory — M15

Deformation Magnification Factor = 10 for Analysis Plots

as




-l.inear Analysis

Non

Linear Elastic Analysis

Figore .24



r

— .

[

I~

— 1/ 1=

r:’. E’:

—— )
.

Appendix H

Proceddré’ for Post Proceséing Cracking Results From
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Procedure for Post Processing Cracks in ABAQUS/EXPLICIT;
Versions 6.11 and 6.21

A Fortran subroutine must be written to read the ABAQUS results file. There are instructions for

“writing this type of subroutine in the ABAQUS user manual. The subroutine used for post
“processing crack information in this analysis (subroutine “writeData”) is included in this
- appendix. This subroutine was written to search for data from either two or three dimensional

analyses from either ABAQUS/EXPLICIT or ABAQUS/STANDARD although, only the section
written for three dimensional analyses in ABAQUS/EXPLICIT has been tested. Crack output

- - data must initially be written to the selected results file. Then the selected results file must be

converted using the command “aba611 j= job_name convert=select”. The user subroutine must
be linked to ABAQUS by entering the following command: “aba611 make j=subroutine_name”.

-The subroutine used in this study was written with a required input name of “test.fil”, so the

job_name.fil file created during the convert step must be copied into a file named “test.file”.

Then this file is read, and cracking information is written to a file named “test. out”, by executing
the following command “aba611 subroutine_name > test.out”, This output file is then
reformatted into the proper input file format for use in a two dimensional plotting program. The

- program “srchds4”, written at Reclamation by Larry Nuss, was modified and renamed “crkhds4"

to add ABAQUS crack plotting capabilities. The fortran program written to reformat the crack

_data was named “reformat_abacrk”, and this file is also included in Appendix H. The two--

dimensional plotting program {crkhds4) also requires the creation of universal geometry files. A _

program has also been written to generate these files from the ABAQUS input file.



i ‘
The MlSSlOIl of the Department of the Intenor is to protect and prov1de access
to our Natlon ] natural and cultural hentagc and honor our trust respons;blhtles

LR

The r_mssnon of the Bureau df Reclamatlon is'to manage develpp, and | protect
water and_relatt:d r_esourcqs in an envnronmentally ,and ecdnomlcally sound
manner in. the mterest of the Amencan publlc '




Shaking Table Study to Investigate Failure Modes of Arch Dams

Physical Models

Tests were completed in the Bureau of Reclamation, Materials Engineering and Research
Laboratory. A one dimensional shake table (horizontal acceleration only) was constructed for
these experiments. The model scale chosen for these models was a 1/150 scale. The maximum
height of the scaled dam was 23 11/16 inches, and the crest length was 81 13/16 inches. A sealed
chamber on the upstream side of the dam was filled with water to simulate a reservoir loading. A
similitude simulation of an earthquake motion was not used. Rather, for practical reasons
associated with the table and for simplicity in numerical model calibration, a 14 Hz sinusoidal
motion was selected. Models incorporating five different joint configurations were created and
tested on the shake table. At least two tests were completed for each joint configuration to
establish repeatability of the resulting failure mode. The five joint configurations modeled were:
(1) monolithic (identified as tests M2 and M8), (2) a single vertical joint at the arch center (tests
M6 and M11), (3) a single horizontal joint at mid height (tests M9 and M10), (4) 17 vertical
joints spaced evenly along the arch (tests M12 and M13), and (5) 17 evenly spaced vertical joints
combined with 2 horizontal joints (tests M14 and M15). The models were placed in a concrete
block foundation on the table. A photo of a typical experiment setup is shown in figure 1.

Figure 1.—Typical Experiment Setup.

The models were instrumented on the downstream face to record accelerations at six locations
and displacements at two locations as shown in Appendix A, figure A.1. Figure A.2 shows the
corresponding Node numbers at which acceleration time histories were recorded in the analyses.
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Comparison of Displacements

With & Without Foundation Model

Viesrport: 1 ODB: /dr6Apayne/shake/m2mBy8.odb

U, U3
+8,403e-05
-1.306e-03
-2.697e-03
-4.088e-03
-5.,478e-03
-6.869=-03
-8.259e-03
-9.650e-03
-1.104e-02

ABAQUS STANDARD Analysis with the Foundation Modeled

Displacements in Inches

Job created 3-5-01
anB: m2mogd . odb ABAQUS/Standard &.1-1 Thu Mar 29 07:12:12 M3T 2001

Step: Step-l! GRAVITYLORD  Incrament 6: Step Time = 1.000
Primary var: U,
3 1 pefommed var:i U Deformation Scale Factor: +5,000e+00

Viewport: 1 ODB:/drSApayne/nf_shakex/m2miysodb

U, u3
+8.424e-05
-1.307e-03
-2.698e-03
-4,090e-03
-5.481e-03
-§.,872e-03
-8.264e-03
-9.655e-03
-1.105e-02

Ahanus STANDARD Analysis without Foundation Model
Displacements in Inches
aoB: m2mEgs och ABAQUS/Standard 6,1-1 wed May 02 07:46:57 MoT 2001
Step: Step-l: GRAVITYLOAD  Increment 61 Step Time = 1,000
Pri Va

imary i U, W
3 ! Deformed Var: U Deformation Scale Factor: +3,000e+00

Figure C.1



Comparison of Max. Principal Stresses
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Comparison of Max. Principal Stresses

With & Without Foundation Model
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Preliminary Analyses With Foundation Model
Modal Analyses
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Comparison of Displacements With & Without Foundation Models
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Comparison of Max. Principal Stresses With & Without Foundation Models
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Comparison of Displacement

STANDARD versus EXPLICIT
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Comparison of Max. Principal Stresses

STANDARD versus EXPLICIT
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Comparison of Displacements

STANDARD versus EXPLICIT
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Comparison of Max. Principal Stresses

STANDARD versus EXPLICIT
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Comparison of Energy Levels

STANDARD versus EXPLICIT

Strain Energy

Wiy 9 g Ky Pl i

== Ash38 Emlicit
ALLIE Trasdare

- p.20 -
é .16~ -4
M
R -
L]
o 0-08 - -

a 0.0& o

oo it 4 A

9.00 0.30 0.40 0,60 0.80 1,00
Time

Total Energy

ETOTEL Sabcamd

ETOTAL for Whole Modal
-
H

=20.00

Viceperd L b Gragh HVT%00 8

.00 0.20 0.40 0.60 0.80 1.00
Time

Gravity Load Step

- T —T—"—T, T
g 2.00 - A
2
LR o o
Q L
g 1.20 / H
H
H K
H .00l 1
]
w o
a .40 - e -
L 4 L ' l I i l i
1,00 1.20 1.40 1.60 1.80 2.00
Time

—— T ® mapliete
ATUTRL £ Stendard

f=10
.00

-0.08
=0.10
=0.1i5
-0.20
=0.25

=0.30

ETOTAL for Whole Model

T

-p.3% ‘_;_l_a._l__-._J__L_. il
1.00 1.30 1.40 1.60 1.80 3.00
ime

Reservoir Load Step

i

l

i

i
1
?

[x10 *]
o.70

.60 '-— £ —-
D.50 : ]
0.‘0:-
0.30 :-

0.30 -

ALLBE for Whole Model

0,10 |-

0.0 [ TR A AL L AT

2.00 2,20 2.40 3.60 32.80 3.00
Time

i

320.00
260,00
240.00
200.00
160,00
120,00

80.00

40.00

ETOTAL for Whole Model

-00

Time

L A
2.20 2.40 2,60 3.80 3.00

Dynamic Load Step

Figure C.17



Comparison of Energy levels

STANDARD versus EXPLICIT
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Comparison of Displacements

STANDARD versus EXPLICIT

Viewport: 1  ODB: /di5Apayne/ni_shakex/mZmBaccsI.odh

+4,437e+00
+4,157e+00

+5.557e+00
+5.277a+00
EH +337a+00
+4,717a+00
+3.,878e+00

(Inches)

ABAQUS STANDARD Analysis
Static Plus Dynamic Load
Input Acceleration Amplitude=1.5¢g

aoe: m2maccsl,odb ABAQUS/Standard 6.1-1 Tue Jun 08 09:04:28 MOT 2001
Step! dynamic ate Increment 31: Step Time = 8800
3 1 Primary Var: U,

Deformed var: U Deformation Scale Factor: +5,000e+00

Viewrport: 1 ODB: /dr5Apayne/nl_shakex/m2mBacesx.odb

+5, 044e+00
+4,334e+0D
+4,823e+00
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ABAQUS EXPLICIT Analysis
Static Plus Dynamic Load
Input Acceleration Amplitude=1.5g
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step: dynmamic ate Increment 18207; Step Time = ,BBOO
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neformed Var: U Deformation Scale Factor: +5,000e+00

Figure C.19



Comparison of Max. Principal Stresses

STANDARD versus EXPLICIT

Viewport: 1 ODB: /dr5tpayneml_shakex/m2ZmBaccsd.odb

8, Max, Principal
(Ava, crit,: 75%)
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ABAQUS STANDARD Analysis
Static Plus Dynamic Load
Input Acceleration Amplitude=1.5g

2 :
Q0B: m2mBaccal.odb ABAQUS /Standard 6.1-1 Tue Jun 0% 09:04:28 MpDT 2001
Step! dynamic step Incremant 91: Step Time = . 8800
3 43 Vaxi S, Max. Principal

'
Deformed Var: U Deformation Scale Factor: +5.000e+00

Viewport: T  ODB! drb/Apayne/Mf_shakex/m2mBaccdx.odb

8, Max. Principal
(Ave, Crit,: 75%)
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ﬂ.6;3.+
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+53,276e+00
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ABAQUS EXPLICIT Analysis
Static Plus Dynamic Load
Input Acceleration Amplitude=1.5g

2
aoB: m2mfacc8x.odb RBAQU3/Bxplicit 6,1-1 Mon Apr 30 11113:03 mMoT 2001
Step: dynamic step Increment 18207 Step Time = 8800
3 1 Primary Var: 8, Max. Principal

Deformed Vari U Deformation Scale Factor: +5,000e+00

Figure C.20



Accelerations Calculated in ABAQUS STANDARD & EXPLICIT

Node 373 @Dam Crest on Crown Cantilever

Accelerations Measured in the Laboratory Experiment
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Accelerations Measured in the Laboratory Experiment

Accelerometers #9 & 10
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Accelerations Measured in the Laboratory Experiment

Accelerometers # 6 & 7
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Initial Crack Pattern - Model M2 - Test Date 3/31/99




Crack Pattern - Model M2 - Test Date 3/31/99
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Final Crack Pattern - Model M2 - Test Date 3/31/99




Model M8 — 6/21/00South view, final failure

Model M8 -- 6/21/00, South view, initial cracking

Figure D.4



Model M8 -- 6/21/00, North view, final failure

Model M8 - 6/21/00 North view, initial cracking

Figure D.5



Model M6 -- August 27,

200

0 -- South, initial cracking

Figure D.6



Model M11 -- 8/22/00 South view, final failure

Model M11 -- 8/22/00 South view, initial cracking

Figure D.7




o

Model M11 -- 8/22/00 North view, initial cracking

Figure D.8



Model M9 -- 7/19/00 North view, initial cracking

Figure D.9



Model M9 -- 7/19/00, South view - final failure

—"

.

Model M9 -- 7/19/00 , South view, initial cracking

Figure D.10



Figure D.11




Model M10

s N )

Model M10 - 8/2/00, South view camera final failure

— 8/2/00, South view camera initial cracking

Figure D.12
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Initial Crack Pattern — Model M13 — Test Date 4/10/01
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Final Crack Pattern — Model M13 — Test Date 4/10/01
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Initial Crack Pattern — Model M15 — Test Date 5/1/01
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5.0 seconds After Initial Cracking — Model M 15 — Test Date 5/1/01
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8.0 seconds After Initial Cracking — Model M15 — Test Date 5/1/01
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11.0 seconds After Initial Cracking — Model M15 — Test Date 5/1/01
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12.0 seconds After Initial Cracking — Model M15 — Test Date 5/1/01
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14.0 seconds After Initial Cracking — Model M15 — Test Date 5/1/01



Monolithic Model : M2 & M8

v, u3
+8,064e-03

*9.,523e- D3
-1,040e-02

Max +8,064e-08
at noda 5346
min -1.040e-02
at node 353

Upstream/Downstream Displacement
Gravity Load

)\ CDB: m2mbgrx . odb ABPQUS/Bxplicit 6.1-1 wed oul 18 08:14:04 MDT 2001

Step| Step-2 ¢ppug gravity Increment 19162: Step Timae = 1,000
3 1 Brimary Vari
Deformed Var: U Deformation Scale Factor: +1,000e+02

Viewport:1 ODB: idrﬁ.dpal;nenil’_shakemZm&grx.odb

-1.423e-05
+5.667a-02
ode 3151
-1,423e-05
mode 7073

Upstream/Downstream Displacement
Gravity + Reservoir Load

/J\ aoe: m2mégrx.odb RBRQUS/Bxplicit 6,1-1 wWed Jul 18 08:14:04 MorT 2001

Step! Step- 4 appl¥ reservoir  Increment 28744 Step Time = 1.500
3 1 Primary Var
Deformed '\raxl U Dpeformation Scale Factor: +1,000e+02

Figure E.1



Single Vertical Joint Model : M6 & M11

U w3
+3,907e-05

8,140e-03
-8.892e-03

Max +3,307e-05
at mode B8
Min -8,852e-03
at mode 363

Upstream/Downstream Displacement
Gravity Load

2 Job created 3-5-01
0B : mémllgrxl.odh ABRAQUB/Bxplicit 6.1-1 Wed Aug 15 07:12:25 MoT 2001

Step! Step-2 apply gravity Increment 244821 Step Time = 1.000
Primary var: u, ‘U¥
Deformed var: U pefommation Scale Pactor: +1,0002+02

Viewport: 1  ODB: Adr6Apayne/mbm11/mbmi1grx1.0db
U, ‘U‘B
—r +3 ,56le- D2

+2.353e-03
6. 741e- 06

+3,551e-02
node 13386
-6.74le-06
node 705

Upstream/Downstream Displacement
Gravity + Reservoir Load

- Job created 3-5-01 _
aoB: mémllgrxl,odb PBAQUS/Bxplicit 6,1-1 Wed Zug 15 07:12:25 MDT 2001
Step! Btep-4 apply reservoir Increment 36723 Step Time = 1,500
3 Primary \elgz: lal? U

Daformed Var:t U Deformation Scale Factar: +1.000e+02

Figure E.2



Single Horizontal Joint Model : M9 & M10

Viewport: 1 ODB: /drbApayne/m3Im10/mIm10qgrx1.0db

u, U3

+3.38%e-08
| -3.72%e- 04
-7.788e- 04
-1!185e-03
=1,6592e-03
=1.,998e-03
-2.208e-03
-2.81le-03
-3.217e- 03
-3,623e-03
-4 ,.030e-03
Max

-4,436e-03
-4,842e-03

+3,383e-08
at nodae 5346
Min +4.842e-03
at node 31583

Upstream/Downstream Displacement
I Gravity Load

2 Job created 3-5-01

oUBE: mImlOgrxl.odb rEAQUS /Bxplicit 6.1-1 Tue Aug 14 14127120 MDT 2001

Increment 287131 Btep Time = 1,000

Step! Step-2 apply gravity
Pri va u
Deformation Scale Pactor: +1,000e+02

rl B
Deformed Var: U

ODB: /dré Apagne/mIm10/mIm10grx1.adb

U, U3
+2,56le- 02
02

+ <03
+4,266e-03
+2.13le-03
=31,954e-D6

Max +2,56le-02
at pode 3151
Min -3,954e-06
at node T05

Upstream/Downstream Displacement
Gravity + Reservoir Load

2 Job created 3-5-01

QDE | m3mlOgrxl.odb 2BRQUE /Explicit 6.1-1 Tue Aug 14 14127120 MDT 2001

Step: Step-4 apply reservoir Increment 430701 Step Time = 1,500

Primary var: U, U3J

Deformed Var: U Deformation Scale Factor: +1,000e+02

Figure E.3




Seventeen Vertical Joint Model : M12 & M13

Viewport: 1  ODB: /diSApayne/m12m13/m12qrx1.0db

o, U3

+1.791e-05
-1.136=-03
-32.300=-03
-3.465e=-03
-4.63%=-03
=5.793e=-03
-6.257=-03
-8.131=-03
-9.285e-03
~1.045=-02
-1.161le=-02
-1.278e-03
-1.3%4e-032

M +2.731e=-05
at node 13919

Min -1.398w-032
atlt node 363

Upstream /Dowmstnoam Dl splaccment

Gravity Load

Job created 3-5-01
O =13goel.odb  APAQUS/Explicat 6.2-1

Step: Step-2, Step-2 =pply gravaty
3 1 Increment  23802: Step Tomm = 1.000
Praimary Var: U, U3

Viewport: 1

+3.53%=-02
+3.244e=-02
=+3.94%e-03
+3.654=-02
—t- +32,359=-03
- +d4 .065=-02
+1.770=-02
+1.475=-02
+1.180e-03
+f . 828 =-03
+5.800=-03
+21.94%=-03
+0.000 er00

+3.53%=-02
node 13786

+0 . 000+ 00
node 1

Dpstress /Dowmstream Displacesent
Gravity + Reservoir Load

Job czealed 3-5-01
OE: =allged .odb ABAQUS/Explicat 6.2-1

Step: Step-4, Step-4 apply reservoax
Increment  35703: Step Tam = 1.500
Brimary Vac: U, T3

Deformed Yaz: U Deformaticn Scale Factox:

Deformed Var: ¥ Deformatiem Seale Factoz:

Tow Aog 21 12:22:38 MDT 2001

+1.000et02

Toe Aog 21 19:22:38 MDT 2001

+1.000=t02

Figure E.4




Seventeen Vertical & Two Horizontal Joint Model

Viewport: 1  ODB: /dvi Apayne/m1T4m15/m14m150rig.odb

.26]lm=-04
136 =-04
»1.653e-03

.793m-03
933 e-03
073e-03
+2313e-03
-7.%382e-03

491 e-03
631 =-03
017 e=-02
191 e-03
.305m. 02

Mt +6 .361e- 04
at node 4073
Min -1.305=-02
at node 361

Upstream/Downstream Displacement

Gravity Load
2 Job created 3:%.01
ODB: mlémlSozig.odb  ABAQUS /Ewplicit §.3-1 Fzi Aug 31 13:57:1% MDT 2001
Step: Btep-2, Step-1 apply gravaty
3 1 Increment  35424: Step Tame = 1.000

Primary Var: U, U3
Delormed Vazr: U Deformation S2cale Factor: +1.000e+02

Viewport: 1 ODB: /dr6 Apayne/midmi5/mi14m15oriq.odb

.333e-03
.565=-02
.208e=-03
850 e-012
.493e-02
.134e-02
17 e=-02
.41%e=-02
.061e-02
.033=-03
,4552-03
218 =-04
.701e-0%

Meze +3.9232-02
at node 13780
Min -3,701e-03
at node 14749

Upstream/Downstream Displacement
Gravity + Reservoir Load

Job created 3.5-01
OB mlémlSoriq.odbh  ABAQUS /Edplicit 6.2-1  Fri Aug 31 13:37:19 MDD 2001

Step: Step-4, 3Tep-4 apply reserveir
3 1 Increment  34136: Step Tame = 1.500
Pramary Vaz: U, U3
Detozmed Var: T Deformation Scale Factez: +1 .000e-02

Figure E.5



Single Vertical Joint Model : M6M11

Force on Contact Surface

CNURMF  ASSEMBLY_I1_VIT/ASSEMBLY_Il VRT, Magnitude
+4,852a-01

Gravity

2

L.

CNORMF  ASSBMBLY_Il VILT/ASSEMBLY_Il VRT, Magnitude

+4 ,128e+00
4+3.612e+00
+3,0%6e+00
+2,580e+00
+2,064e+00

+1,54Be+00
+1,032e+00
+5,160e-01
+0,000e+00

Gravity Plus Reservoir

Figure E.6



Single Vertical Joint Model : M6M 11

Slip Magnitude on Contact Surface

rsnwsq ASSEMBLY_Il VLT/ASSEMBLY Tl VAT
mr 1 7ile-0

e-06
+0,000e+00

Gravity

2

L

FSLIPEQ ASSEMBLY_T1 VWIT/ASSEMBLY Il VRT

+l.946e- 03
+1.703e-03
+1.460e-03
+1.216e-03
+9,732a-04

e-
+0,000e+00

Gravity Plus Reservoir

Figure E.7



Single Horizontal Joint Model : MOM10
Force on Contact Surface

CHO RMF Assanny_n_ao'r/assausl.y_ﬂ_msl, Magnitude
+1,438a+00

B 15, 000e+00

Gravity

- 4

(o 24] ABBBMBLY_Il BOT/ASSEMBLY Il TOF, Magnitude

+1.651e+00
+1,445e+00
+1,238e4+00
+1.032e+00
+8,256e-01

+0, 000e+00

Gravity Plus Reservoir

Figure E.8



Single Horizontal Joint Model : MOM 10
Slip Magnitude on Contact Surtace

FILIPEQ ASIBMBLY_Il BOT/AYSEMBLY_IL TOP

+2,907e-05
+2,544e- 08
+2.,180e-05
+1,817e-05
+1l.453e-05

+1,0390e-05
+7,267e-06
+3,634e-06
+0, 000e+00

Gravity

inssEMBLY Tl BOT/ASSEMBLY Tl TOP

FS
+3,044e-04
+2.664e- 04
+2.,293e-04

+1,903e-04
+1,522e- 04
+1,142e- 04
+7.610e-05
+3.,805e-05

+0, D00e+00

Gravity Plus Reservoir

Figure E.9



Seventeen Vertical Joint Model : M12 M13
Normal Force on Joint Surfaces
Under Gravity Load

Joint #1

Joint #2

L

ORI ASSOBLY_TI_01 IOT/ASIDELY_T1_TITRY, Megedbude
-0

- =01
01
gl

-- & -

<0.000wr30

CHEENE  ASLEBLY_ T 04 LTJRASEmLY I J4RT,

=1.605g-02
“*1, 20400

3

3

1

r

-, w03

*L.0C0w 00

Joint #3 Joint #4
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L



Seventeen Vertical Joint Model : M12 M13

Normal Force on Joint Surfaces
Under Gravity Load

CHORMF  ASSEMBLY_ I1_J9LT/ASSEMBLY I1 J9RT, Magnitude

+5.716e-01
+5.002=-01
+4 . 287=-01
+3.573=-01
+2.858=-01
+2.144=-01
+1.429%=-01
+7.146e=-02
+0.000=100

Joint #9
Center joint

[ARCEELEIL

Note : A value of zero for the contact force indicates that the joint is open.
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Seventeen Vertical Joint Model : M12 M13
Normal Force on Joint Surfaces
Under Gravity + Reservoir Load
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Note : A value of zero for the contact force indicates that the joint is open.
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Seventeen Vertical Joint Model : M12 M13
Normal Force on Joint Surfaces
Under Gravity + Reservoir Load

CHORME ASSEMELY I1 JOLT/ASSEMBLY I1 J9RT, Magnitude
+4 101e=t00
+3.588 =100
+3.076 =100
+3.563 =t00
+2.050=100
+1.538et00
+1.025=+00
+5.126=-01
+0.000 =100

Joint #9
Center joint

Note : A value of zero for the contact force indicates that the joint is open.



Seventeen Vertical Joint Model : M12 M13
Slip Magnitude on Joint Surfaces
Under Gravity Load
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Seventeen Vertical Joint Model : M12 M13
Slip Magnitude on Joint Surfaces
Under Gravity Load

FSLIPEQ ASSEMELY I1_J5LT/ASSEMBLY Il JSRT
= +3 036 =-05
+7.507=-05
45 .77 7 =-05
+5 . 648 =-05
—— +4.518=-05
—- +3.385=-05
- +2,255=-05
- +1.130=-05
+0,000 =+00

Joint #9
Center joint

Ees
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Seventeen Vertical Joint Model : M12 M13
Slip Magnitude on Joint Surfaces
Under Gravity + Reservoir Load

FALINDG A2 AN I1_JLLA/ASIEDLY 11 18T
"1.g e

FRLIPEQ Jasnau3)_micnjsesmecy 1 e
=01

Joint #2

2

L

FRLIFEG  ANSEFELY_ I3 JILTfASLONGLY 11 _TTRY

+3.581m-01
*3.24lu-02

= +1.93u-01
+1.601e-83

=1 .301e-01
pERCL e

+f 43704

*3. 203w
20020l

Joint #3

FSLIPEQ ASSEFDELN T3 J4UT/ASSEMDLY_11_TERT

=3, 4170
*3.21%w-
*3.80%e-
*1.3080-
-1 =
3
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Joint #4
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Seventeen Vertical Joint Model : M12 M13
Slip Magnitude on Joint Surfaces
Under Gravity + Reservoir Load

FELIPEQ ASSEMELY I1_J2LT/ASSEMELY I1 J9RT
e t7.142=-04
i +6.250e=-04
+5.35%7e=-04
+4 464=-04
+3.571e=-04
- +2 . 6768=-04
——+1.736=-04
+8.228=-05
+0.000e+00

Joint #9
Center joint

L.
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force on Joint Surfaces
Under Gravity Load
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude on Joint Surfaces

Under Gravity Load
Vieuporti 1_G0B: Aritzayne a1 4m154n sm1Scoo.odb
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Joint #3
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force on Joint Surfaces
Under Gravity Plus Reservoir Load
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude on Joint Surfaces
Under Gravity Plus Reservoir Load
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Seventeen Vertical & Two Horizontal Joint Model : M 14 M 15
Normal Force on Joint Surfaces
Under Gravity Load

m‘ et T Ut e T o

= s |
\
1 |
2 wm Jl 1\\\\‘1
s [0 - [ - |
Joint #8
il -
Joint #9



€71 231y

| | | | |

Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude on Joint Surfaces
Under Gravity Plus Reservoir Load
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Joint #9
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Seventeen Vertical & Two Horizontal Joint Model : M14 M 15

Slip Magnitude on Joint Surfaces
Under Gravity Load
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force on Joint Surfaces

CHCRMF ~ ASSEMBLY_I1_HJ1G/ASSEMBLY I

+1.08e+00

+9 .45 -
+8.14e-
+6, Tde-
-01

+5 43m

+4 .07~

+2.71le
+1.36e

01
01
01

01

-01
-01

+0.00=+00

CHIORMF ASSEMBLY I1_HJ1IfASSEMBLY I1
+1.01l=+00
+8.85=-01
+7.58=-01
+6.33e-01
+5.05=-01
+3.79e=-01
+3.53e-01

0l
01

+1.26e-01
+0.00e+00

ST'H 2andig

Under Gravity + Reservoir Load

+5
+5
+4
+3
+2
e *2

o

ASSEMELY I1 HJIH/ASSEMBLY I1

.1l=100
.60e-
L 3le-
.22e-01
.54=-01
A15=-01
. 17e-01
.38=-01
L00=+00

CHORME

ASSEMELY I1_HJIDJASSEMBLY 11
.91le=-01
.18=-01
Ate-01
.70e-01
.96m-01
42=-01
48=-01
.35=-02
.00=+00

ASSEMBLY 11 _HJIE/ASIEMBLY I1
.54=-01
.60=-01
.65=-01
.71l=-01
i Te-01
.83e-01
.88=-01
. 42=-03
.00e=+00

ASSEMBLY I1 _HJIF/ASSEMBLY I1,
.11l=+00
.70=-01
.32e-01
.53e-01
.54m-01
.16e-01
.1 7e-01
.35%=-01
.00e=+00

CDKIRME

+9

+7

+0

ASSEMBLY T1_MJIA/ASSEMBLY I1

67=m-01
+— +8.
: ,25=-01
6.
- Th
+*3.
-+,
= 1,
.00=+100

46=-01

05=-01
G4=-01
E3=-01
43=-01
2l=-01

ASSEMBLY_ 11 MJ1B/ASSEMBLY I1

.62=-01
.B2e-01
.23=-01
.51le-01
.8l=-01
1le-01
.41le=-01
03=-032
.00e=100

ASSEMBLY I1_MJIC/ASSEMBLY_ I1

.35=-01
.65=-01
L03m-01
.35=-01
.68m-01
.0le-01
.34m=-01
.63=-02
.00=+00

View is looking down on surfaces making up the upper horizontal joint



Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude on Joint Surfaces
Under Gravity + Reservoir Load

FSLIFEQ ASSEMBLY_ 11 HJIG/ASSEMBLY I1 FSLIPEQ ASSEMBLY I1 HJID/ASSEMBLY I1 FELIPEQ ASSEMBLY I1_HJII1A/ASSEMBLY I1
= *6.05=-02 +8.78=-02 +6 . 66=-02
- +5 . 29e-02 +~ +7.68=-02 45 .83=-02
+4.53=-02 +6 ,58=-02 +5.00=-02
+3.78e-02 —— 15 .45%e-02 — t4 16=-02
- +3.02e-032 —+ +4 . 35=-02 —~ 13 ,33=-032
+— +2,27e-02 4 +3.2%=-02 — +2.50=-02
+1.51e-02 +3.1%=-03 - +1.67=-032
+7.56=-03 +1.10=-02 +8.33e-03
+1.51l=-07 +2.06=-08 +2.99=-08
FELIPEQ ASSEMBELY I1 HJIH/ASSEMBLY_ I1 FSLIFEQ ASSENBLY_I1_HJIE/ASSEMBLY_ I1 FSLIPEQ ASSEMBLY I1 HIIB/ASSEMBLY I1
—~ 5 . 41=-02 - t6 . 94w .02 +8.94e-02
T~ +4& , 74=-02 - +6.07=-02 +7.82=-02
+4 06e=-02 - +5,.31l=-02 +6 . 70=-032
+3 ,38=-02 —+f +4 F4=-02 = +5.59e=-02
— +2.71=-02 - +3 . 47=-02 - t4 47=-02
— +2.03=-02 —1- +2.60=-013 +3.35e-02
+1.35e-02 - +1.74=-02 +2.3%=-02
+6.77=-03 +8.68=-03 +1.12=-032
+1.64=-07 +3,.32=-08 +1.07e-05
FELIPEQ ASSEMBLY 11 HJII/ASSEMBLY I1 FSLIFEQ ASSEMBLY 11 HJIF/ASSEMBLY I1 FELIPEQ ASSEMPLY I1 HJI1C/RII3EMBLY I1
+5.62=-02 +5.57=-02 e t7-05=-032
+4.52=-02 +5 ., 22=-02 2~ 46 .17=-02
+4 . 21=-02 +4 418e-02 15 .25%=-02
- +3.51=-02 —1 13 .73e-02 = t4 . 4]1=-02
—- +2 . 8l=-032 — 12 .3%8e-02 —— 13 .53=-02
—i- +2.11=-02 +2.24e-02 — +2 .65=-02
+1.40=-03 +1.4%e=-02 +1,77=-032
+7.03=-073 +7.346e-03 +8.24e=-03
+1.42=-038 +8.83%=-08 +1 . 49=-04

View is looking down on surfaces making up the upper horizontal joint

97'H 2In31q
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force on Joint Surfaces
Under Gravity + Reservoir Load

CHICORME ASSEMBLY I1_HJI3F/ASSEMBLY I1 CHIORME ASSEMELY I1_HJ3K/ASSEMBLY I1_HJ
+1.52=+00 t1.36e+00
+1.33e+00 +1.15%=+00
+1,14=+00 . +1.03=100
+5.4%e-01 5 0 +8.47=-01
+7.55%=-01 5. 78=-01
+5 .659=-01 45 . 08=-01
+3.80=-01 +3.35=-01
+1.20e-01 +1.65=-01
+0.00=+00 +0 . 00=+00

ASSEMBLY I1 HI3J/ASSEMBLY I1
CHORMF ~ ASSEMBLY_ I1_WI3G/ASSEMBLY I1 &

.4l=100
*1.3%=100 .11=+00
+1.22=+00 81=t00
+1.04=+00 51=+00
13.65=-01 .21e+00
+6.55=-01 05=-01
*5.21=-01 .03=-01
+3.48=-01 0Z2=-01
+1.74=-01 N0=+00
+0.00=+00
CHORME ASSEMBLY I1 HISH/ASSEMBELY I1 CHORME ASSEMBLY I1_HJ3I/ASSEMBLY I1_HJ

+1.25=+00 +1.53e+00
+1.10=+00 +1.34=+00
+5 . 40=-01 +1.15e+00
+7.683=-01 +2,.58=-01
16 . 27=-01 +7.66e-01
+4.70=-01 +5.7%e-01
+3.13=-01 +3.83%e-01
+1.57=-01 +1.23e=-01
+0.00=100 +0.00=+00

by

Lo

€ 2

=

I

=

& View is looking down on surfaces making up the lower horizontal joint
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude on Joint Surfaces
Under Gravity + Reservoir Load

FELIPEQ ASSEMBLY_ I1_MJ3F/ASSEMBLY I1 FSLIPEQ ASSEMBLY Il HJI3K/ASSEMBLY I1
+1.26m-01 .82e-02
= 4] .11e-01 .05=-02
—i- 49 .58=-02 .37=-02
+8.07=-02 64e-02
- +6.56=-02 .91le-02
— | 45 .06=-02 .18e-02
- +3.55=-032 .46e-02
= +2.04=-02 .28=-03
L 45 .33=-03 .58e-17

FSLIPEQ ASSEMBLY_ I1_MJ3J/ASSEMBLY Il

FSLIPEQ ASSEMBLY_ I1_MJT3G/ASSEMBLY Il G

*+]l.37=-01

.22=-01
+1.21=-01 05=-01
+1.05=-01 . 77=-02

— 18 .85=-02 .04e=-032
+7.22e-02 .31=-02
—t 15 .58=-032 57=-032
+3.56e-03 Bi=-02

- t3.33=-02

.0%=-03
6 . 26=-03

FSLIPEQ ASSEMBLY I1 HI3IH/ASIEMBLY I1 FSLIPEQ ASSEMEBLY I1 HI3I/ASSEMBLY Il
+1.31=-01 +]1 . 65=-01
+1,.16=-01 +1.45=-01
+1.00=-01 +1.28=-01
+3.43e-032 +1.08=-01
+6.87=-02 —t- t§ . 75=-032
+5.30=-02 —t- 16 .72=-03
+3.74=-032 i~ +4 68=-02
+2.17=-032 t2.66=-02
+6.10=-0%3 +6.23=-073

8C"H 2131

5 View is looking down on surfaces making up the lower horizontal joint
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Seventeen Vertical & Two Horizontal Joint Model : M14 M15

Normal Force on Joint Surfaces
Under Gravity Plus Reservoir Load
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CHCRMF ~ ASSEMBLY_ I1_HJIZTAJI

6 .056=-01
5 .651e-01
+5 205 =-01
+4 . 760=-01
+4 .315=-01
+3 . 862=-01
+3 .424e=-01
+2 . 372=-01
*2.534=-01
+2.088=-01
+1 . 643 =-01
+1.198=-01
+7.523=-02

CHORMF ~ ASSEMBLY I11_MHJ2TB/2

+4 . 736 =-01
+4.3909=-01
+4 . 073 =-01
3. 747 e=-01
13 .43 =-01
+3 . 0894 =-01
+32.768=-01
+2 . 443 =-01
3 .116=-01
+]1 . 789 =-01
+1.4653=-01
+1.137=-01
+§.107=-02

CHORMF ~ ASSEMBLY_ I1_HJIZTC/?

14 558 e-01
S +4.216=-01
- 13.874e-01

+3.532e-01
— +3.191e-01
L +2_845=-01
+2.507=-01
+2.165=-01
41 _824e=-01
+1.482=-01
+1.140=-01
+7.985m- 032
44,567 =- 032

CHORMF ~ ASSEMBLY 11_WJ2TD/J

+4 767 =-01
+4.435=-01
+4 103 e=-01
+3.771=-01
13 .438=-01
43 .106=-01
+2.7174e-01
+2.441=-01
3. 109 =-01
+1.777=-01
+1.444e=-01
4+1.112e-01
+7.7199=-02

CHORME ASSEMBLY I1 HI2TE/?

+4 .502 =-01
+4 _168e=-01
+4 . 128 e=-01
+3.787e-01
+3.446=-01
+3.105e-01
+3.764e=-01
+2.423=-01
+2 . 083 e=-01
+1. 743 =-01
+1_.401 e=-01
+1.060=-01
+7.1%91=-02

+4 437=-01
+4.115=-01
+3.7194e=-01
+3 . 472=-01
+3.150=-01
+3 . 8§18=-01
+2.506=-01
+2.184=-01
+1 863 =-01
+1.541e-01
+1.21%e-01
+§.971e-02
+5 7153 =-02

CHOBMF ~ ASSEMBLY T1_WI2TF/7

CHORMF ASSENBLY T1 HI2DG/?

+4 . 584=-01
+4.245=-01
+3.214=-01
+3.580e=-01
+3.3245=-01
+2.5210=-01
+2.575=-01
+2.34]l=-01
+1.506=-01
+1.571e-01
*1.337e-01
+2.020e-02
+5.673e-012

CHORME ASSEMBLY I3 _HI2TH/?

+4.451e=-01
+4 . 13%e-01
+3.807e-01
+3.484e-01
+3.162e-01
+2.840=-01
+2.518e-01
+2.195e=-01
+1 . §73e=-01
+1.551=-01
+1.2328=-01
+2.062=-02
+5.839=-02

Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Normal Force On Surfaces Of the Upper Horizontal Joint
Gravity Load



CHICRME ASSEMBLY I1_HJ3AJAS

+2 . 11%er00
+1.948 =100
+1.776=t00
+1.605=t00
+]1.433=t00
+1 . 262 =00
+] . 091 =00
9 191 =-01
+7.476=-01
+5.7623=-01
+4 047=-01
+2.333=-01
+6 . 130=-02

ChORMF ~ ASSEMBLY I1_HJ 3B AS

+1.663 =100
+1.526 =100
+1.330 =100
+1.253 =100
+1.117=t00
3§00 =-01
+8.434=-01
+7.068=-01
+5.703=-01
+4.337=-01
+3.571e=-01
+1.605=-01
+3.323e-02

+1.585 =100
+1.468=100
+1.341 =100
+1.204 =100
+1 . 087 =+00
+2 _505=-01
+8.337=-01
+7.068 =-01
+5.789=-01
+4.531e=-01
+3.262=-01
+1.993=-01
+7.245=-02

CHCORMF  ASSEMBLY 11 _HJI3C/AS

CHCRME — ASSEMBLY 11 MISDJAS

+1.604 =00
+1.477e+00
+1.342 =+00
+1.2321 e+00
+1.093 =+00
+2 653 =-01
+8.375=-01
+7.0897e=-01
+5 _818e=-01
+4.540e-01
+3.262=-01
+1.9283 e-01
+7.052e-02

ASSEMBLY T11_WI3E/A

CHCRMF ~ ASSEMBLY I1_MHI3F/AS

CHIOBMF ~ ASSEMBLY T1 WI3IG/AS

1€ 2an31g

516 e=t00 +1.490 =t00 41 .481 =100

394 e=t0D 1 .371 =00 +1.365=100

213=t00 +1.253 =+00 +1.248=+00

AS50 =00 +1.134 =100 +1.131e=+00
41 .020=+00 +1.015 e=+00 +1.014=+00
25 066 =-01 +8.964=-01 +8.%71=-01
17 . 847 =-01 +7 .77 7 e-01 +7.803=-01
'IE .EJE:-D% +6 .59 e-01 45 .634=-01
+5 409 =-0 +5.403 =-01 +5 _455=-01 ¥
-t;,;?!gg- gi +1_215=-01 +4_396 E.gz Seventeen Vel'tlcal &
+2. =- 13.0237 e-01 413 .138=-01 a >
+1.752=-01 +1.840e-01 +]1.959=-01
15 .33 =-02 +5 .5289 =-02 +7.504=-02 TWO HOHZOI].:;al JOlnt MOdel

Normal Force On
Surfaces Of the

Lower Horizontal Joint
Gravity + Reservoir Load
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FSLIPEQ ASSEMBLY I1 HIZTAS?
+1.545=-06
+1_.416=-06
+1.287=-06
+1.158=-06
+1.030=-06
% _010=-07
+7.123=-07
+5 . 436=-07
+5 148 =-07
+3.861=-07
+2.574=-07
+1.287=-07
+1.038%=-13

FESLIFEQ ASSEMBLY_I1_HJZTB/?
+4 .568=-06
+4.13%=-06
+3.80%=-06
+3 . 430=-06
+3.050=-06
+2 .67 =-086
+32.221e=-086
11 .91l =-06
*1.531e=-06
11.152 =-06
+7.721e-07
+3.925=-07
+1.286=-08

FELIEEQ AISEMBLY JI1 HIITCH
+§ . 083 =-04
+7.410=-04%
46 . 730 =-04
46 063 =-04
5 .39 =-04
+4 _ 715=-04
+4 . 042 =-0%
+3.368=-04
3 .695=-04
+2.021=-04
+1.347=-04
*+6.137=-05
4 939 =-09

& 4

FELIPEQ MASSEMBLY JI1 HI2TE/]
+5.25%=-04
+8.487=-04
+7.716=-04%
46 . 944 =-04
6. 173 =-04
+5.401e=-04
+4 . 630 =-04
13 .858=-04
*3 086 =-04
+2.315=-04
+1.543 =-04
7. 717 e-05
+1.065=-08

FSLIPEQ ASSEMBLY I1 HI2TF/F
7.8 74=-04
*7.218=-04
*6.502=-04
+5.506=-04
+5.34%=-04
4.553=-04
*3.937=-04
+3.381=-04%
+2.625=-04
+1.2605=-0%
+1.313=-04
6 .5MW=-05%
+8.830=-08

FSLIPFEQ ASSEMBLY I1 HI2TG/7
+7 . 808=-04
+7.157=-04
+6.507=-04
5 856 =-04
+5 . 200 =-04
4 555 =-04
+3.905 =-04
+3.354=-0%
+2.604e-04%
+1.95Fe-04
+1_.303 =-04
+5.530 =-05
+1.511=-07

FSLIPEQ ASSEMBLY I1_HIZTD/

+8 . 413 e=-04
+7.711l=-0%
+7.010=-0%
+6.305%=-04
+5.603=-04
+4 .907=-04
+4 . 206=-04
+3.505=-04%
+2 . 804=-04
+2.103=-04
+1.402=-04
+7.011e-05
3 .356=-02

&

FSLIPEQ ASSEMBLY I1_HI2TH/?

+8.284=-04
+7.583=-04
16 .903 =-04
6 .213 =-04
+5.523 =-04
+4 837 e=-04
+4 143 e=-04
13 .45 =-04
+3 762 e-04
+2.072=-04
+1.383=-04
+6 . 218 =-05
+1 643 =-07

Seventeen Vertical & Two Horizontal Joint Model : M14 M15
Slip Magnitude On Surfaces Of the Upper Horizontal Joint
Gravity Load



FSLIPEQ ASSEMBLY I1_J}J3AJAS

+2.431e-0%
2 .228=-0%
+2.026=-04
+1.833 e-04
+1.621=-04%
+1.418e-04
+1.215=-04
+1.013=-04%
+8§.103 =-05
+6.077e-05
+4.052e-05
+2.026=-05
+4 674e-12

+7.615=-03
45 . 981 =-03
5 . 346 =-03
+5 . 711e=-03
5.0 7e-03
+4 143 =-03
+3.808=-03
+3.173=-03
+2_.538e-03
+1.904e-0F
+1 . 269 =-03
+6 . 346 =-04
+7.633=-1%

FSLIPEQ ASSEMBLY I1_HJI3B/AS

FSLIPEQ ASSEMBLY T1_HI3C/AS

+1.243=-02
+1.132=-02
+1.036=-02
+2 _333e=-03
+§.287=-0F
+7.351e-07F
+6.215=-03
+5.172e-03
4 144 e=-03
+3.108=-03F
+2.072e=-03
+1.036=-03F
+1.214e=-18

- 71.429=-02
+1.310=-02
+1.181=-02
41 .072e=-02
+9 .58 =-03
+§.338=-03
+7.147=-03
+5.956=-03
+4 . 764=-03
+3.573=-03
+2.383=-03
+1.1%1=-03
+3.541e-11

FERLIPEQ RASSEMBLY I1 HIIESAL

v

FELIPEQ ASSEMELY 11 MWI3F AL

FELIPEQ ASSEMBLY 11 MISG/A:

LIPEQ ASSEMBLY I1_WI3IDJRS

€€°H 2031y

670 =-02 +]1.6%4=-02 +1.636=-02
.531=-02 +1.552=-02 +1.500=-02
. 393 =-02 +1.411=-02 +1.364=-02
253 =-02 +1 . 270 =-02 +1.2237=-02
Al4=-02 +]1.12%e-02 +1.0%1=-02
744 e=-03 +5 879 =-03 +9 545 e=-03
. 353=-03F +8 .468=-03 +8.181=-03
‘2ede-03 L o isac03
. 568=-0 5= =- +5 . = -
[176=-03 +4 23403 u.p}gg} u—gg Seventeen Vertical &
. 184=-03 +2.823=-03 3. =- 7 .
.392e-03 +1.411e-03 +1.364e-03 Two Horizontal Joint Model
.031=-08 +1.29Te-07 +1_330e=-07 M14 Mls

Slip Magnitude On

Surfaces Of the

Lower Horizontal Joint
Gravity + Reservoir Load




Monolithic Model : M2 & M8

8, Max, Principal
(Ave, crit, 75%)

+4,1l66a-01
+3,68le-DL
+31,136e-D1
+2,622e- 01
+2,107e-01
+1,592e-01
+1.078e- 01
+5,67le-02
+1,843e-03

Max

at

Min

at

-l.§96e-01
-2,010e-0D1
+4,166e-01
elem 211 node 1436
-2,010e-01
elem 1526 nocde 5402

Maximum Principal Stresses

Gravity Load
2
UB ! m2megrx.odb ABRQUS/Bxplicit 6,1-1 wed gul 18 08:14:04 MDT 2001
3tep! Step-2 apply grawvity  Increment 19162 Step Time = 1,000
3 Primary Var: 5, Max. Principal

Deformed Vari U Deformation Scale Factor: +1.000e+02

Viewport:1 ODB: /di5payne/nf_shake/m2mBgr=.odb

9, Max., Principal
(Ave, Crit.: 75%)
+3,632e+00

+3.,632e-0L
+3,03le-D2
-3.026e-01
+3,692e+00
elem 1483 node 5387
<3,026e-01
elem 913 mocda 1694

Maximum Principal Stresses
Gravity + Reservoir Load

2
QOB m2megrx ,odb ABPQUS/Bxplicit 6.1-1 Wed Jul 18 08114104 MDT 2001
Step: Step-4 apply reservoir Increment 28744 Step Time = 1,500
3 1 Primary Vari 8, Max., Principal

Deformed var: U Deformation Scale Factor: +1,000e+02

Figure E.34



Monolithic Model : M2 & M8

Viewport: 1 ODB; /di6payne/nf_shake/m2mbgrx.odb

3, Max, pPrincipal
{Ave., Crit,: 75%)
+1,166e- 01
+3,65le-01
+3,136e-01
+2.,622e-01
+2,107e-0D1
+1,532e-01
+1.078e-01
+5,63le-02
+4.843e-03
4 ,662e-02
Z.018a- 01
+4,166e-01

elem 211 pode 1436

-2.010e-01
elem 1526 node 5402

L5 » ¥ MR
o

NTIe

g0

b

mio

o0

5]

Maximum Principal Stresses

Gravity Load
-
\J/g QDE: m2mBgrx.ocb ARBAQU3/BExplicit 6.1-1 Wad Jul 19 08:14:04 MoT 2001
1
Step: Step-2 apply gravity Increment 13162: Btep Time = 1,000

pPrimary var: S, Max, Principal
Deformed Var: U Deformation Scale Pactor: +1,000e+02

Viewport: 1 ODB: Adr6/tpayne/ni_shake/m2m8gr= . odb

8, Max, Principal
{Ave, Crit.: 75%)
+3.692e+00

+6.96le- DL
+3,632e- 01
+3,031e-02
+3,026e-01
Max +3,692e+00
at elem 1483 node 53187

Min -3,026e-01
at elem 913 node 3634

Maximum Principal Stresses

» Gravity + Reservoir Load
aUB 1 m2mBgrx .odb ABAQUS/Bxplicit 6.1-1 wWecd Jul 18 08:14:04 MDT 2001

Step: Step-4 apply reservoir Increment 287441 Step Time = 1.500

Primary Var: 3, Max., Principal
pDeformed var: U Deformation Scale Factor: +1,000e+0D2

Figure E.35



Single Vertical Joint Model : M6 & M11

S, Max, Principal
{(Ave, Crit.: 75%)

+4,326e-01
+3,793e-01
+3.27le-D1
+2.,743e-01
+2,215e-01
l.687e- 01
+1.160e-01
+6,317e- 02
+1.039e-02

Max

at

0i

at

-4,2%9e-02
-9.517a-02
-1.480e-D1
+2,007e-01
+4,326e-01

elem 211 node 1436

-2,007e-01
elem 1484 node 5389

Maximum Principal Stress
Gravity Load

2 Job created 3-5-01
QUe: mémllgrxl.odb ABPAQUS/Bxplicit 6.1-1 Wed ABug 15 07:12:25 MDT 2001

Step! Step-2 apply gravity Increment 24482 Step Time = 1.000
3 Primary Var: B, Max., Principal
Deformed Var: U Deformation SBcale Pactor: +1,000e+02

Viewport: 1 ODB: /e Apayne/memT1/mimiigrxl odb

8, Max, Principal
{mve, crit,: T5%)
— +3,738e+00

+2.38le+D0
+2,041e+D0
— +1,702e+00

— +1,363e+00

- 4 oL
+3.446e-01

+5,302e-03

-3.340e-01

Max +3,738e+00

at elem 1487 node 5387

Min -3,340e-01

at elem 92% mode 3734

Maximum Principal Stress
Gravity + Reservoir Load

2 Job created 3-5-01
OBt mémllgrxl.odb PEPQUE/Baplicit 6.,1-1 Wed Pug 15 671121235 MDT 2001
Step: 3tep-4 apply reservoir Increment 316723 Btep Time = 1.500
3 1 Primary Var: 38, Max. Principal

Deformed var: U DpDeformation Scale Factor: +1,000e+02

Figure E.36



Single Vertical Joint Model : M6 & M11

Viewport:1  ODB; /dvbApayne/mEm11/m6m11grx1.0db

8, Max., Principal
{Ave, Crit.: 75%)
+4,326a8-0L
+3,7%9e-0L
+3,27le- 0l
+2.,743e-01
+2,215e-0L

— +1,687a-01

=t +1,160e- 0L

=t +6,317e- 02
+1, 0333 02
-4,239e

9. 51’19 DZ
-1,480e-01
=2,007a-01

+4,326e-01
elem 211 node 1436
-2,00%e-01
elem 1484 node B389

Job created 3-5-01
\La opei mémllgrxl.odb 2BpQUS/Bxplicit 6,1-1 wed Aug 15 07:12:25 MDT 2001
1

Step! Step-2 apply gravity  Increment 24482 step Time = Ll.000
Primary Var! 3, Max, Principal
Deformed Var: U Deformation Scale Factor: +1.D00e+D2

Viewport: 1 ODB: /dr6Apayne/m6m11/mBm11grx1.0db

3, Max. Prinecipal
(Ave., Crit,i1 78%)
= +1.738e+00
+3,39%9e+00

’ +2.38le+00

+- +2.D4le+00
+1,702e+00
—t- +1,363a+00
=t +1, 023 e+00

4 + 40e- QL
+3,446e- 01
+5,302e-03
-‘3.310e-0.l.

Max +3,738e+00
at elem 1483 node 5387
Min -3,340e-01
at elem 925 mode 1734

Job created 3-5-01
\P anB: mémllgrxl.odb  ABAQUS/Explicit 6.1-1  wWed Aug 15 07112125 MDT 2001
1

Btep! Btep-4 apply reservoir Increment 367231 Btep Time = 1,500
Primary Var: 8, Max, Principal
Deformed var! U Deformation Scale Factor: +1,000s+02

Figure E.37



Single Horizontal Joint Model : M9 & M10

8, Max, Principal
{(Ave., Crit.: 75%)

+4,315e-01
+3,787@-01
+3.2589e-01
+2,731le-01
+2.203e-01
+1,675e- 0L
+1,146e-01
+6,183e- 02
+3.01l7e-03
.38
Max

+4,315a-01

at elem 211 node 1436
Min -2,022e-01
at elem 1526 node 5402

Maximum Principal Stress
Gravity Load

2 Job created 3-5-01
cos: m3ml0grxl,odb ABAQUS/Bxplicit 6,1-1 Tue Aug 14 14:27:20 MDT 2001

Stepi Step-2 apply gravity  Increment 287131 Btep Time = 1,000
3 i Primary Var: S, Max. Principal
Deformed Var: U DpDeformation Scale Factor: +1.000e2+02

Viewport: 1  CDB: /AdrbApayne/mIm10/mIm10qgrxt.adb

3, Max., Principal
(Ave, Crit.: 75%)
43,718e+00
+3,38%e+00
+3,0408e+00

o+,

+1,710e+00D
+1,375e+00
+1.041e+00
+7.06lae- 0L
+3.,715e- 01
+3.686e-02
-2,978a- D1

+3,718e+0D
elem 1483 node 5387

*2,978e-01
elam 301 mode 31654

IR 1]

Maximum Principal Stress
Gravity + Reservoir Load

2 Job createed 3-5-01
anB 1 mImlOgrxl.odhb PEPQUE/Bxplicit 6.1-1 Tue Aug 14 14,2720 MDT 2001

Step: Step-4 apply reservoir Increment 43070 Btep Time = 1.500
3 1 Primary var: 3, Max. Principal
Deformed Var: U Deformation Srale Factor: +1,000e+02

Figure E.38



Single Horizontal Joint Model : M9 & M10

Viewport:1  ODB; dréApayne/mIm10/mImi10qrs1.odb

S, Max. Principal
(Ave, Crit.: 75%)
+4,318e-D1

+3
+2,731le- 01
+2,203e-01

+4,316e-01
elem 211 mode 1436

-2,022e-D1
elem 1526 node %5402

Maximum Principal Stress
Gravity Load
2 Job created 3-5-01
- \\V oo mImlOgrxl.odb ABAQUS/Bxplicit 6.1-1 Tue Aug 14 14:27:20 MOT 2001
Btep! Btep-2 apply gravity Increment 28713 Step Time = l.000

Primary Var! S, Max. Principal
Deformed Var: U Deformatinn Scale Factor: +1.000e+02

Viewport: 1 ODD; /drbApayne/m3m10/mIm10qrx1.0db

83, Max. Principal
{Ave. Crit,: 75%)

+3,718e+00
+3,383e+00
+3,048e+00

B6e- 02
*2.378e-01
Max +3,718e+00
at elem 14083 node 5387
Min -2.,978e-01
at elem 901 node 3654

Maximum Principal Stress
Gravity + Reservoir Load

2 Job created 3-5-01
I \V oo mInllgrxl,ocb ApAQUI/Bxplicit &6.,1-1 Tue Aug 14 14:27:20 MDT 2001

Step! Step-4 apply reservoir  Increment 43070 Step Time = 1,500
Primary Var: 8, Max. Principal
pefarmed VYar: U Deformation Scale Factar: +1,000e+02

Figure g 39




Seventeen Vertical Joint Model : M12 & M13

Viewport; 1 ODB: /AdrSApayne/mi12mT3/m12g9r=1 0db

8, Max. Erincipal
(Ave. Czat.: 758l
-305=-01
551e-01
A98e-01
.444e=-02
511 e=-02
-3 7e-02
«A57=-03
.651e=-02
.234=-02
.276e-01
.6d9m-01
.58%3=-01
.336m=-01

+1
+1
+1
+8
+4
+1
-2
-5
-5
-1
-1
-1
= |

+1

-2

sfuf

elem 1386 node 5141

elem 1483 node 5387

.505e- 01

.336e-01

Maximem Erincipal Stress

Gravity Load

Job created 3-5-01
O0P: =l gl codb ABAQUS/Explicat 6.2-1

Step: Step-2, Step-2 =pply gravaty

i Increment 23802: Step Taime = 1.000
Promary Var: 8, Max. Principal
Defommed Vax: U Deformation Scale Factosx:

2, Mwc. Prancapal
(Awe. Trat.: 75%]
+3.
+3.
+3.
Elier00
464 =100
L1150
LTE5=t00
A15e=r00
065 e+00
.151e-01
652 e-01
+1.
-3.

+d
+3

+3

-3

86400
elem 1483 node 5387

. 345=-01
elem 875 mode 13683

64 ert00
514 =t00
164 e=t00

532wm-02
345e=-01

Maximem EPrimcipal Strass

Gravity + Reservoir Load

Job created 3-5-01 -
OMB: mllgodl.odb  ABAQUE/Explicit 6.2-1

Step: Step-4, Step-4 apply reservoar

‘| Increment 35703 : Step Tame= = 1.%00
Frimary Var: S, Max. Principal
Deformed VYar: O Deformaticn Scale Factor:

Toe Aug 21 19:33:38 MDY 2001

+1.000=t 02

yne/mi2mis;

Toe Aug 21 12:32:38 MOT 2001

+1 . 000et02

Figure E.40




Seventeen Vertical Joint Model : M12 & M13

QDB: /dr5tpayne/m12m13/m12qrx1.0db

8, Ma=x. Principal
(Ave. Crat.: 758
+1.905=-01
+1,5%%1e-01
+1,198=-01
+8.444e-02
+4.511e-03
+1.377e-02
«3.1%7w-02
-5 .601=-02
-9 ,334e-03
-1.376e-01
+»1.639e-01
=1.283e-01
-2.336e-01

Mare +1 .505%5e- 01
at elem 1386 node 5141
Man -2.336=-01
at elen 148% node 5387

Job created 3-5-01
aDB: ml2gzxl .odb ABAQUA/Fxplicit 6.2-1

Step: Btep-1, Btep-3 apply gravaty
Inczement 43802: Step Tamm = 1.000
Primary Var: 8, Max. Principal

Detormed Var: U Deformation Scale Factor:

Tue Aung 31 15:23:38 MDT 2001

+1.000=702

Viewpart: 1 ODB: /ddSApayne/m12m13/m12qrx1.0db

&, M=x. Prinecapal
(Awve. Crit.: 75%|
+3.864 =100
*3.514ev00
43,164 100
+2.811=t00
+3.464 400
+31.115=+00
+1.765=100
+1.415e+00
+1.065e100
+7,151e-01
+3.653e-01
+1.5835e-02
-3.345e-01

+3 . 864ier00
elem 1483 node 53387

+3.345=-01
=lem 8§5% node 13683

Jeb created 3-5%-01 -
ODB: mligenl .odb ABAQUS/Explicit §.2-1

Blep: Blep-4., Slep-4 apply TerEvea s
Inczement  35703: Step Tame = 1.500
Primary Var: &, Max, Principal

Deformed Var: U Deformation Scale Factor:

Tue Aug 21 15:22:38 MDT 2001

*1.000et02

Figure E.41




Seventeen Vertical & Two Horizontal Joint Model
Ml14 & M15

Viewport: 1 ODB: A6 Apayne/midmls midmiSong odb

8, Mwme. Princapal
(Bwe. Crat.: 75%]
+5.150e=-01
- +4 .463e=-01
43 .776=-01
+3.090e-01
- +2.405=-01
+1.716e-01
+1.030=-01
+3.428w-02
-3.440e=-02
-1.031e-01
-1.717e-01
-3.4084=-01
-3.091=-01

+5 .150e=-01
elem 13271 node 4331

-3.091=-01
elem 1351 node 13837

Maximum Principal Stresses
Gravity Load

Job crneated 3-%-01 R
OB mldmlSozig.odb EBAJUR /Explicat 6.2-1 Fza Ang 31 13:57:1% MDT 2001

Step: Step-2, Step-2 apply gravaty
3 1 Incxement  25424: Step Tame = 1.000
Praimary Vaz: 3, Mmx. frincipal
Defoomed Yar: T Deformation Scmle Factor: +1.000e=t02

Viewport: 1  ODB: /dr6tpayne/mT4m15 mT4m15eriy odb

£, Mmc. Princapal
{Ave. Crat.: 75%|
.060 =100
654 e=r00
.325er00
36400
L5090 et 00
23F7=t00
675e=-01
.031e-01
.368e-01
.286e-01
.230=-01
555 e-01
.325 e=r00

+3 . 060er DO
at elem 1487 node 5387

-1.335=t00
at elem 745 node 13870

Mz

i

Maximum Principal Stresses
Gravity + Reservoir Load

2 Jeb ereated 3-5-01 .
/I\ orp: mlimlSorig.odb  ABAQUS /Ewplicit 6.3-1  Fra Ang 31 13:57:19 MDT 2001

Btep: Step-4, Step-4 spply xesecwoix
3 " Increment 38136: Step Tame = 1.500
Primary Var: 8, Mae. E'zmnpn.l
Deformed Yar: II' Deformatica Scmle Factor: +1.000=t02

Figure E.42



Seventeen Vertical & Two Horizontal Joint Model
M14 & M15

Viewpori: 1 ODB: A6 Apayne/mTdmi5 m1dmiSony odb

8, Menc. Principal
{Awe. Crat,: 758l

+5 . 150e=-01
+%.463=-01
+3.776=-01
+5.050e-01
+2.403=-01
+1.716=-01
+1.030=-01
+3 . 438=-02
-3.440=-02
-1.031e-01
=1.717e-01
-2.40&=-01
-3.091=-01
Mg

+5 .150e- 01
at elem 1311 node 4331
Min -3.051e-01
at =lem 1551 node 13837

Maximum Principal Stresses
Gravity Load

2 Job cxeated 7-5-01
OhE: mlfmlSorig.cdb  ABAQUS /Explicit 6.2-1  Fri Aug 71 13:57:15 MDY 2001
1

8tep: Step-2. Step-2 apply gravity
Incxement 25434 : Step Tame = 1.000
Frimmzy Vac: 3, Max. Princs

Detormed Yar: U

Deforsation Scale Factozr: +1.000s102

Viewport: T  ODB: Advf tpaynem1dmTSn14m15ony.odb

8, Meox. Principel
{Rve. Cxat.: 75%|
+3 . 060 =00
+3d.594wt00
+2.315=t00
+1.964=+00

o +1.598 00

- 11 . 233 =t00
+8.675m-01
+5.021=-01
+1.368e-01
-3.386=-01
=5.939=-01
-2.593e-01
-1.335=t00

+3 .060=t00
at =lem 1487 node= 5387

-1.335=t00
wlen 74% node 13873

Mazc

s f

Maximum Principal Stresses
Gravity + Reservoir Load

2 Job cxeated 3-5-01
P =mlimlSorig.odb ABAQUS /Explacat 6.2-1 Fza Ang 31 13:57:19 MDT 2001
1

Step: Step-4, Step-4 =pply reseErvoax

Incxement  38136: Step Tame = 1,500

Primmry Var: B, Max. Principal

Deformed Vacr: U Deformation Scale Factox: +1.000=t02

Figure E.43



Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M15

Time = 00.00 second.frame

014 231y

Time = 00.66 second.frame Time = 01.00 second.frame

i | | | |



Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M 15

Time = 01.33 second.frame Time = 01.66 second.frame

L1°A dandiy

Time = 02.00 second.frame Time = 02.33 second.frame




Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M15

Time = 09.33 second.frame

Time = 09.66 second.frame

71 a3y

Time = 10.00 second.frame Time = 10.33 second.frame




Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M15

Time = 10.66 second.frame

Time = 11.00 second.frame

€14 2an31p

Time = 11.33 second.frame Time = 11.66 second.frame




Crack patterns which developed during the shake table test of seventeen vertical & two
horizontal joint model : Model M15

Time = 15.00 second.frame Time = 15.33 second.frame

1" 23y




Input Accelerations : Model M2

Monolithic Model
Shake Test
Input Record
S Rotal whas (Reg)
IR =TT S B e A S R NI A S|
[ etommion 1]
Analysis ‘% :::
Input Record ot
:;%,:1.50
‘otal Time (ssconds)
Shake Test = e | T
& I AT W
;- \}F | \ﬁﬁ vAvT f!}?\
AIl ]. 1 11‘ 0.00 -
i i AT
Input Record §-° = YN MVTVI
@ 50 g e .;I.:Im ‘( ! ld;).lau :

Figure F.15



Shake Test
Input Record

Analysis
Input Record

Shake Test
&
Analysis
Input Record
@.25¢g

Input Accelerations : Model M6

Input Acceleration (g)

Single Vertical Joint Model

-1.00

-1.50

0.

l-———- Tput Acceleration {g) |

Input Acceleration (g)

Aecallz
~——— mnput Accaleration {g)

Input Acceleration (g)

D.0D

=0.50 —--

-1.00

-1.50

4.00

00 100,00 200,00
Total Time (seconds)

8,00 12.00
Total Time {seconds)

| 0 | I
1.50 -
L )| SRR SRV S —
1.00
-1.50
1 1 1 1
3.60 4.00
Total Time {seconds)

Figure F.16



Input Accelerations : Model M10

Single Horizontal Joit odel

Shake Test ey
Input Record P et

1.20
(5 | || R, g i
W e ]
0.00 —— ]

<040 [ ]

-0.80 .

-1.20 ! ]

-1.60

-2.00 M VA T (e O Y ISR e

Accelerations (g)

0.00 100.00 200.00 300.00
Time (seconds)

r_ Input acceleracion (g)
®
8
Analysis b
Input Record :
g
3
% e
[ o}

4,00 2.00 12.00
Total Time {seconds)

Shake Test e e
& %u-su-----------;.-
- .§ 0.40 jH— |
Analys1s E 0.00 il
'; -0.40 1 ain
Input Record 8
g, gl — B

@ 1'0 g s'i'g.:ne (secom;sﬁﬁ

Figure F.17



Shake Test
Input Record

Analysis
Input Record

Shake Test
&
Analysis
Input Record
@.25¢g

Input Accelerations : Model M13

Seventeen Vertical Joint Model
[ S T o e e e I s i A s |

[‘—_ (-lh-tllﬂl—ﬂ_i

s W) ———— | S
o 0 Y I

0.50
0.00
-0.50

=1.00

Acceleration (g)

-1.50 |— -- -

_z‘oo L l
0.00 50.00 100.00

Time (Seconds)

150.00

I_— Input Acceleracian (g)

~0.50 —-

-1.00

-1.50

Input Acceleration (g)

4.00 8.00 12.00
Total Time {(seconds)

1,00 T | T

AL | S —

Acceleration (g)

3.60 3.80 4.00

Time (Seconds)

Figure F.18



Input Accelerations : Model M14

Seventeen Vertical & Two Horizontal Joint Model

| —— a1 ma accarez |

Shake Test R
Input Record 1.20 = P

[ e
0.00
ST || SRR

-0.80

Accelerations (g)

-1.20 |-
0.90

FUEET I N
100.00  200.00  300.00
Time {seconds}

I
s
i
E

Analysis
Input Record

Input Acceleration (g)

4.00 2,00 12.00
Total Time {seconds)

= AENJUS Inpgot FS4T7L
— Lab »ld Accelli2

Shake Test 1s0p :

& gy i3 2
Analysis
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Measured Versus Calculated
Single Horizontal Joint Model : M10
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Displacements
Measured Versus Calculated
Seventeen Vertical & Two Horizontal Joint Model : M14
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Monolithic Model : M2

Comparison of Measured Versus Calculated
Accelerations
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Single Vertical Joint Model : M6

Comparison of Measured Versus Calculated

Accelerations
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Single Horizontal Joint Model : M10

Comparison of Measured Versus Calculated

Accelerations
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Seventeen Vertical Joint Model : M13

Comparison of Measured Versus Calculated
Accelerations
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Seventeen Vertical & Two Horizontal Joint Model : M14

Comparison of Measured Versus Calculated Accelerations
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