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PREFACE

This report 1s aimed at providing guidance for the use of the finite
element method of analysis for the analysis of concrete gravity dams. This
Phase Ia report will address only the static analysis of the gravity dam.
Phase Ib will address the effect of the foundation in the static analysis of
concrete gravity dams. Phase II will address the dynamic analysis of concrete
gravity dams. Other future reports will address guidance for other phases of
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US Army Engineer Waterways Experiment Station (WES) by the Engineering and
Construction Directorate, Office, Chief of Engineers (OCE), US Army, as part
of the Computer-Aided Structural Engineering (CASE) Project. Mr. Lucian
Guthrie, Structures Branch, Engineering and Construction Directorate, was the
OCE point of contact.

Input for the report was obtained from the CASE Task Group on Finite Ele-
ment Analysis. Members and others who directly contributed to the report were:

David Raisanen, North Pacific Division (Chairman)

Barry Fehl, St. Louis District

Dick Huff, Kansas City District

Paul LaHoud, Huntsville Division

Jerry Foster, Federal Energy & Regulatory Commission

Ed Alling, USDA - Soil Conservation Service

Paul Wiersma, Seattle District

Terry West, Jacksonville District

Lucian Guthrie, OCE

N. Radhakrishnan, WES

Robert Hall, WES

H. Wayne Jones, WES

Kenneth Will, Georgia Institute of Technology

The report was compiled and written by Dr. Kenneth M. Will. Engineers
from WES, Dr. N. Radhakrishnan, Acting Chief, Information Technology Labora-
tory (ITL), formerly Automation Technology Center (ATC), and CASE Project

Manager, along with Dr. Robert Hall, Research Civil Engineer, Structures Lab-

oratory, formerly associated with ATC, and Mr. H. Wayne Jones, Civil Engineer,
Fo
ITL, monitored the work. This report was edited by Ms. Gilda Miller, Informa—q

tion Products Division, ITL, WES, with Ms. Deborah Shiers coordinating text 0
and figure layout. 4 a
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f CONVERSION FACTORS, NON-SI TO SI (METRIC)
ﬁf UNITS OF MEASUREMENT
4

Non-SI units of measurement used in this report can be converted to SI

1 (metric) units as follows:

S8 Multiply By To Obtain
RO feet 0.3048 metres

! inches 2.54 centimetres

; kips (force) 4,448222 kilonewtons

pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
4 pounds (force) per foot 14.5939 newtons per metre
A pounds (force) per inch 175.1268 newtons per metre

pounds (force) per square inch 6.894757 kilopascals
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PROCEDURE FOR STATIC ANALYSIS OF GRAVITY DAMS
USING THE FINITE ELEMENT METHOD - PHASE Ia

PART I: TINTRODUCTION

Finite Element Analysis Study

1. This study has been prepared as part of an on-going effort by the
Computer-Aided Structural Engineering (CASE) Committee on finite element
analysis. Although the finite element method has been in commercial use since
the late 1950's, many engineers are just realizing the benefits of the tech-
nique or determining that there is no other method of solution available for
many of today's structural analyses and design requirements. With this in-
creased interest in the method, a Corps-wide program has been initiated to

provide standardized guidance for the use of the finite element method.

Objectives and Necessary Steps for Finite Element Analysis

2. The primary objective in Phase Ia of this study is to familiarize
the engineer with the necessary steps in performing a static finite element
analysis of a typical Corps civil works structure, a gravity dam monolith.
Many of the steps taken in the analysis of the dam will apply to the analysis
of any structure. Therefore, the beginning finite element analyst should de-
velop an understanding of the necessary steps as well as an understanding of
the actual analysis of a gravity dam.

3. The necessary steps in performing a finite element analysis are
presented below:

a. Select a finite element computer program currently in use by the
Corps or in widespread use by private engineering firms and sup-
ported by a vendor.

o

Select a simple problem for analysis as close as possible in
overall geometry, material properties, boundary conditions, and
loading conditions to the real structure. This structure should
have closed~form, experimental, or other analytical solution
results available.

c. Select the finite element types to be used in the analysis from
the library of elements available in the program chosen in
step a.
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d. Develop and analyze finite element models of the simplified
structure and compare results, such as deflections and stresses,
with the closed-form results.

e. Develop modeling guidelines from the results of step d, which
may be extended to the real structure.

f. Prepare a finite element model of the real structure and perform
an analysis. '

g. Ask the following question: 1Is the solution acceptable? If the
answer is no, refine and reanalyze until the answer 1is yes.

4, Before actually performing the analysis, further detailed discussion
of these steps is warranted to understand their necessity:

a. In step 3a the key concept 1s that the finite element program
should be currently used by the Corps oi other engineering firms
and supported by a vendor. There are numerous finite element
programs available today, and care must be taken in the selec-
tion process. While factors such as ease of use, functional
capabilities, and price are extremely important, an overriding
consideration is the use of the program within the Corps or
other engineering firms and support by the vendor. An ideal
situation is to find a program that is easy to use, has the
necessary functional capabilities, js reasonably priced, and is
currently being used by someone within the engineer's group and
is supported by the vendor.

b. The motivation for steps 3a through 3d is to provide an oppor-
tunity for the engineer to build confidence in the use of the
program and finite element modeling techniques and to develop an

5”: understanding of the convergence criteria. Another important
ﬁ?i reason for these steps is to provide the engineer with an under-
' standing of the type, quantity, and quality of finite element
:hé results. A much too common occurrence is for the engineer to
R devote an enormous amount of time to developing the finite ele-
J ment model. After results have been obtained, too little time

is then devoted to the interpretation of these results, 1i.e.,
the accuracy of the results or their actual usage in tie design

e
‘?ﬂ process.
)&5 c. From the analysis performed in steps 3b through 3d, the engineer
must then extrapolate the information gained from the modeling

RS of the simple structure to the modeling of the real structure.
:q& Guidelines such as the number of subdivisions of the mesh in the
‘)&‘ horizontal and vertical directions may be developed for use in
:5? the initial model of the real structure.
i d. In step 3f, the real structure is modeled and analyzed, and the
’Lf - results are interpreted. This leads to crucial questions in the
:~ analysis: Is the solution accurate within an error criteria

ﬁ developed by the engineer? How much error is there? These are
:tf the most difficult and crucial questions in the entire process.
;N; In many instances, the only correct way to answer therce que--

tions is to refine the model, reanalyze, and compare solutions.
9.1 The following question should then be asked: Have the resuvlts

L S T A e T A O LA DD
'..'ﬂ.,""' "‘n'.,.'n"‘u:','s:'- l'hﬂhl",'{'!.l'!.t'- »!'nﬁ‘a!

7 '3, g . 1 ¥ QO OCOUNROOOSIROODO OO O
' {REN) 058 00 00 P e 0 L 0 CAOORCAUAGAUAOACAOK O N
SR OO .'l"-.ﬂ?‘c:!‘!‘:‘!llb.l'?‘l‘?.l" Pgatidg s, e it

1 .

N ) 4 950 $.0 hay
DY R $%,0 U

Rt c'_‘,:".u" 2ttt A OWS RO ORI U U



LA

T - b B BB g b ol ok 4

changed significantly due to the refinement? If not, an approx-
imate solution has converged and the engineer must determine
whether or not the results make physical sense. If the results
have changed significantly, other models may be required and
comparisons repeated until convergence is satisfied. The engi-
neer must keep in mind that the finite element method is an
approximate solution technique.

Scoge

5. In performing the steps in paragraph 3 for the analysis of a gravity
dam, this phase of the study is limited to developing a method to analyze the
deflections and stresses of the gravity concrete structure only. Interaction
between the structure and foundation is not considered at this time. The pro-
gram selected in step 3a was GTSTRUDL,* since it is well supported and cur-
rently is widely used by the Corps. Also, GTSTRUDL is representative of a
general-purpose finite element program.

6. Part IT of this report presents an example of steps 3b through 3d in
preparation for the analysis of a gravity dam. The actual analysis of a non-
overflow mono ith with geometry similar to that of the Richard B. Russell
(RBR) Dam is presented in Part III. Conclusions and recommendations for fi-

nite element modeling of gravity dams are presented in Part IV,

* GTSTRUDL is a general-purpose finite element program owned and maintained
by the GTICES Systems Laboratory, School of Civil Engineering, Georgia
Institute of Technology. Program runs used in this report were made on the
Control Data Corporation, Cybernet Computer System.
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PART II: FINITE ELEMENT ANALYSIS OF A SIMPLIFIED STRUCTURE

Selection of a Simplified Structure

7. After selecting a finite element program such as GTSTRUDL, the
beginning analyst must then select a simplified model that exhibits as many
characteristics (overall geometry, boundary conditions, material properties,
and loadings) as possible of the real structure to be analyzed. I1f possible,
a structure should be chosen for which there are other analytical, experi-
mental, or numerical solutions available. Based on these requirements, two
simple cantilevered structures with two loading conditions were selected for
the analysis. These structures are shown in Figure 1.*

8. The structure in Figure la is a rectangular cantilever beam (Case A)
with overall dimensions similar to the average dimensions of the real dam
monolith structure. Two loading cases were used for the analyses: (1) a
concentrated force at the top (Case Al) and (2) a linear varying force over
the height (Case A2). The first loading was selected due to its simplicity,
while the second loading represents a hydrostatic pressure applied along the
vertical centroidal axis over the full height of the structure.

9. The second structure shown in Figure lb is a trapezoidal cantilever
beam (Case B) with the same two loading cases as the rectangular cantilever
(Cases Bl and B2). The trapezoidal cantilever more closely approaches the
shape of the real gravity dam monolith,

10. Another factor influencing the choice of these structures and
loadings was the availability of analytical solutions. Timoshenko Beam
Theory** and Theory of Elasticity** solutions were available for both struc-

tures and loadings except for the hydrostatic loading on the trapezoidal

cantilever.

Selection of Elements

11. Based on the requirements for the gravity dam analysis, five major

* A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page 3.

** S, P, Timoshenko and J. N, Goodier. 1951. Theory of Elasticity, McGraw-
Hill, New York.
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Figure 1. Simplified structure models
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-fx points were considered in selecting a plane stress/strain element from the
':} GTSTRUDL element library:
Cn
ki a. The element must represent quadrilateral regions and not be
restricted to rectangular shape. Although triangular elements
B may be combined to represent a quadrilateral, input is in-
PR creased since at least twice as many elements must now be in-
'ﬁ' put. The quantity of output is also increased. Thus, it is
W, desirable to use an element that can represent a quadrilateral
f region.
! b. The element must accommodate edge loads to represent the hydro-
é: static loading.
",
‘}: c. The element must represent thermal loads. This capability may
: be used in another phase of this study.
- d. The element must represent body forces to account for the
self-weight of the structure.
l; e. The element should be accurate with no undesirable behavior
S such as incompatibility with adjacent elements. The goal is to
AN .
A find the element that produces the most accurate results for
&N the least cost.
e 12. After evaluating the GTSTRUDL element library, the IPLQ and IPQQ
i;; elements were found to satisfy the requirements in paragraph 11. The IPLQ is
My a simple quadrilateral element with only four corner nodes, while the IPQQ
;J quadrilateral element has eight nodes and allows for curved edges. Since
'v curved edges were not required in the dam monolith, the final selection was
s based on the most accurate element for the least cost. Both elements are
.: fully compatible with adjacent elements and belong to the well-known isopara-
o metric family of elements. Generally, the IPQQ element has produced slightly
p more accurate answers for the least total cost, since more IPLQ elements are
1
JQ needed to produce an equivalent solution. Therefore, the IPQQ element was
[ ]
N selected for use in the analysis of the simplified structures as well as the
L’ actual dam monolith.
e
™
ﬁ Finite Element Models of Simplified Structures
"
W
«
& Finite element meshes
g- 13. Three different models were developed for the cantilevers to ensure
k),
3: convergence to the correct solution. The various models are called the
- coarse, fine, and very fine meshes to indicate the relative degree of refine-
. ment. They are also called meshes 1, 2, and 3 with mesh | having the fewest
~ number of elements and mesh 3 having the most elements. These meshes for the
ot
d
" 9
1]
A
)
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o
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rectangular cantilever are illustrated in :igures 2 through 4 with nodes and

p)
ﬂsi elements labeled in each figure. A summary of the meshes 1is presented below:
i fﬁ No. of Nodes No. of IPQQ Flements
a ._' Mesh 1 45 10
o Mesh 2 149 40
e Mesh 3 537 160
4 »
;_). 14. After analyzing the rectangular cantilever with all three meshes,
N the decision was made to use meshes 1 and 2 only for the trapezoidal cantile-
ﬁi& ver as discussed in paragraph 29. Meshes 1 and 2 for the trapezoidal canti-
?Hf lever are presented in Figures 5 and 6. For both the rectangular and trape-

zoidal models, equal subdivisions of the meshes in the horizontal and vertical

::;E directions were used. In particular, this simplified the automatic generation
::;: of the meshes.
‘2$3 Loadings
-_' 15. Two loading conditions were considered for each structure, the
:Sf; horizontal force at the top of the cantilevers and the linear varying load
::3: over the height which represented a hydrostatic loading. For the concentrated
;J\f loading condition, the force was distributed to all the nodes at the top using
S a tributary area concept. Ideally, if the cantilevers were behaving according
\%?; to beam theory, a parabolic distribution of the concentrated load should be

o

$\3 imposed since the shear stress distribution is also parabolic. However, the
A"

shear stress distribution for the trapezoidal cantilever is not the same as

from beam theory and the tributary area concept was chosen due to its simplic-

XL - SR

- ity. Either technique should produce the same results as the distance from
; the point of application of the loading increases. The hydrostatic loading
,;Eg condition was modeled using edge loads along one edge of the elements on the
.- right of the centroidal axis. The loading was applied on the centroidal axis
ﬁiﬁ to match beam theory results as closely as possible.
i&% Boundary conditions
%?ﬂ 16. The boundary conditions at the base of the cantilever were the same
"F; for the rectangular and trapezoidal cantilevers. For both cases, the node on
; 2, the centroidal axis was completely restrained while the other nodes along the
:2#2 base were on rollers which permitted horizontal motion. While these boundary
Eh-ﬁ conditions do not represent a true fixed condition, they do agree as closely
{1}
g
t;: 10
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as possible with Timoshenko Beam Theory boundary conditions for flexure and
minimal normal stress in the x direction.
Output

17. Deflections and reactions were obtained for all meshes and load-
ings. The stresses were output in two different forms: (1) for each element
for each node, and (2) averaged at each node, The first form of output is
useful in understanding the accuracy of the model but generates a tremendous
amount of output depending on the size of the model. Differences in the nodal
values for a common node provide one criteria for determining the accuracy of
the model. The second form of the output, the average stresses at a node,
produced only one line of output per joint and provides a quicker means of
assessing the stress magnitude and distribution. The second form of output is
also used by the stress contouring capability of GTSTRUDL to produce contour
plots of the stress components.

18. The input used for mesh 2 for Cases Al, A2, Bl, and B2 is presented
in Appendix A.

Comparison of Finite Element Results and Closed-Form Results

19. For the two structures considered, GTSTRUDL results for the deflec-
tions, SYY, and SXY stresses were compared to Timoshenko Beam Theory and
Theory of Elasticity solutions. A closed-form solution could not be found for
the trapezoidal cantilevers with a linear varying load, therefore only
GTSTRUDL results are presented for this case. The equations used to generate
7; the results for the closed-form solutions are presented in Appendix R. The
Timoshenko Beam Theory solution includes the effect of shear deformation which
is significant due to the relatively short and deep characteristics of the two

beam-type structures,

Comparison of Results for Rectangular Cantilever

of the rectangular beam is presented in Table 1 for the load at the top of the
beam (Case Al). The deflection results agree well for all meshes near the tip
of the beam when compared with the Theory of Elasticity solution. However,

the finite element results are more flexible near the base of the beam. The

20. A comparison of the trangverse deflection results along the height 3
19 i
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Table 1
Comparison of Deflections of Rectangular Cantilever

With Load at the Top (Case Al)

Deflection at Center Line, in.

Theory of
Distance from Timoshenko Elasticity
Base, ft Mesh 1 Mesh 2 Mesh 3 Beam Theory Solution
18.5 0.0360 0.0492 0.0564 0.0288 0.0324
37.0 0.0960 0.1056 0.1140 0.0852 0.0924
55.5 0.1800 0.1884 0.1956 0.1668 0.1776
74.0 0.2832 0.2916 0.2988 0.2688 0.2832
92.5 0.4056 0.4128 0.4212 0.3900 0.4092
74.0 0.0236 0.0243 0.0249 0.0224 0.0236
92.5 0.0338 0.0344 0.0351 0.0325 0.0341
111.0 0.0453 0.0459 0.0466 0.0439 0.0458
129.5 0.0577 0.0584 0.0591 0.0564 0.0585
148.0 0.0710 0.0717 0.0723 0.0696 0.0720
166.5 0.0848 0.0855 0.0861 0.0833 0.0860
185.0 1.1832 1.1916 1.2000 1.1676 1.2036

Timoshenko Beam Theory solution is not only stiffer than the finite element
solution but also stiffer than the Theory of Elasticity solution. These
results indicate that even mesh 1 produces reasonably accurate results for the
deflection.

21. A comparison of the SXY (shear) and SYY (normal) stresses was made
at two elevations of the beam for Case Al. The results for these stresses for
the various meshes at a height of 37,0 ft above the base are presented in
Table 2 while a comparison of these stresses at a height of 111.0 ft above
the base is presented in Table 3. Timoshenko Beam Theory and the Theory of
Elasticity solutions produced the same stresses for Case Al.

22, The SYY stresses at a height of 37.0 ft converged to a value some-
what higher than the closed-form solution at the boundaries (x = 40 ft).
However, the results were within 2 percent of the closed-form solution. The
results for SYY changed less than 2 percent over the three meshes indicating

that the normal stress converges very fast.

20
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v
P Table 2
~
A Comparison of Stresses for a Rectangular Cantilever with
Ly ng
)
»“g Load at the Top (Case Al) at Height of 37 Ft
R SYY, psi
'\;: x, ft Mesh 1 Mesh 2 Mesh 3 Closed Form*
W
.)-E ~-40.0 970.25 979.72 977.18 963.54
[
W -30.0 724.56 724.58 722.66
v)
! -20.0 468.20 475.33 472.49 481.77
;:',i!: -10.0 225.23 231.01 240.89
fov)
"'::;:: 0.0 0.00 0.00 0.00 0.00
reh 10.0 -225.23 -231.01 -240.89
Wy 20.0 -468.20 -475.33 -472.49 -481.77
g \'
R 30.0 ~724.56 ~724.58 ~722.66
oy 40.0 -970.25 -979.72 ~977.18 -963.54
4*;
- SXY, psi
g;y Mesh 1 Mesh 2 Mesh 3 Closed Form*
e ~40.0 61.73 6.97 2.97 0.00
s -30.0 62.01 66.40 56.97
A
X0 -20.0 93.49 109.58 102.81 97.66
::::. -10.0 117.80 117.63 122,07
RO 0.0 134.97 122.24 120.66 130.21
§;:, 10.0 117.80 117.63 122.07
\
';‘ ‘ 20.0 93.49 109.58 102.81 97.66
Ny 30.0 62.01 66.40 56.97
t
i 40.0 61.73 6.97 2.97 0.00
8
‘:ﬁ * Theory of Elasticity and Timoshenko Beam Theory stresses are the same for
this case.
N
:&é 23. The shear stress, SXY, on the other hand, required a much finer
ot
ﬂﬂs mesh to predict the classical parabolic distribution. The IPQQ element can
s
‘ﬁxg only represent a linear variation of strain along the edges, therefore mesh 1
M did not produce accurate results. In fact, mesh 3 was only within 8 percent
}#{ of predicting the maximum shear stress. The slow convergence of the shear
3') stress may be due to boundary effects at the base, since the rollers are forc-
Esg ing all of the shear to the center node at the base in each mesh.
;’j 24. The stresses (SXY and SYY) at 111.0 ft above the base converge more
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;1 Table 3

?i Comparison of Stresses for a Rectangular Cantilever with

" Load at the Top (Case Al) at Height of 111 Ft

»? SYY, psi

) x, ft Mesh 1 Mesh 2 Mesh 3 Closed Form*
4 -40.0 481.11 481.65 481.77 481.77
3 -30.0 361.40 361.38 361.33
,} -20.0 241.20 240.92 240.84 240.89
i§ -10.0 120.35 120.35 120. 44
2 0.0 0.00 0.00 0.00 0.00
" 10.0 -120.35 -120.35 -120.44
. 20.0 -241.20 -240.92 -240,84 -240.89
e 30.0 -361.40 -361.38 -361.33
;3 40.0 -481.11 ~481.65 ~481.77 -481.77
: SXY, psi

™ Mesh 1 Mesh 2 Mesh 3 Closed Form*
o ~40.0 27.37 6.81 1.72 0.00
" -30.0 56.31 58.58 56.97
) -20.0 95.31 104,47 99.31 97.66
. -10.0 121.60 123.88 122.07
f: 0.0 157.85 137.21 132.10 130.21
8 10.0 121.60 123.88 122.07
bt 20.0 95.31 104,47 99,31 97.66
. 30.0 56.31 58.58 56.97
& 40.0 27.37 6.81 1.72 0.00
b

* Theory of Elasticity and Timoshenko Beam Theory stresses are the same for
¢ this case.

rapidly than those at 37.0 ft; especially the shear stress. Mesh 1 continues

0 to produce highly erroneous results for SXY, indicating that mesh 2 is re-
R quired for an accurate shear stress distribution.

25. Another useful interpretative tool available in most finite element

programs is the stress contour plot., GTSTRUDL SXY contour plots are presented

-~ -

in Figures 7 through 9 for the three meshes. As can be seen from these plots,

R EE

the boundary restraint at the center of the base significantly affects the SXY

contour near the base. Contour plots for the SYY stress were not obtained
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since convergence to the correct solution was obtained very quickly.

26. Next, results were analyzed for Case A2, the rectangular cantilever
beam with a linearly varying load over the height. Table 4 summarizes the
transverse deflection results over the height at the center line. The deflec-
tion results are very similar to those in Case Al with the Timoshenko Beam
Theory results stiffer than the finite element results and the finite element
results higher near the base and lower at the top than the Theory of Elastic-

ity results.

Table 4
Comparison of Deflections of Rectangular Cantilever
with Linear Load (Case A2)

Deflection at Center Line, in.

Distance from Timoshenko Theory of

Base, ft Mesh 1 Mesh 2 Mesh 3 Beam Theory Elasticity
18.5 0.0312 0.0396 0.0480 0.0180 0.0240
37.0 0.0564 0.0636 0.0720 0.0420 0.0540
55.5 0.0828 0.0912 0.0996 0.0684 0.0852
74.0 0.1116 0.1200 0.1272 0.0972 0.1188
92.0 0.1416 0.1488 0.1572 0.1272 0.1524
111.0 0.1704 0.1788 0.1872 0.1560 0.1860
129.5 0.1992 0.2076 0.2160 0.1848 0.2184
148.0 0.2280 0.2352 0.2436 0.2148 0.2508
166.5 0.2556 0.2640 0.2712 0.2412 0.2820
185.0 0.2832 0.2904 0.2988 0.2688 0.3132

27. Again, SXY and SYY stresses were compared for the various solutions
at two heights of the beam for Case A2. The results for the various meshes
and the closed-form solutions at a height 37.0 ft above the base are presented
in Table 5 and the results at 111.0 ft above the base are presented in Table 6.

28. Stress results for Case A2 were very similar to those of Case Al
with respect to convergence characteristics. Again, the normal stress, SYY,
converged very rapidly at both elevations while the shear stress, SXY, re-
quired a finer mesh, Boundary conditions near the base appeared to affect the
SXY stress more than the SYY stress. Mesh 2 provided an accurate representa-

tion of the normal stress at both elevations, while mesh 3 was required to

26
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Comparison of Stresses for a Rectangular Cantilever with

Table 5

Linear Load (Case A2) at a Height of 37 Ft

x, ft
-40.0
-30.0
-20.0
-10.0
0.0
10.0
20.0
30.0

40.0

-40.0
-30.0
-20.0
-10.0
0.0
10.0
20.0
30.0
40.0

SYY, psi
Timoshenko Theory of
Mesh 1 Mesh 2 Mesh 3 Beam Theory Elasticity
203,98 218,65 217,43 219.49 206.67
165.74 166,28 164.63 165.52
99.94 108.90 106.65 109.75 115.36
46.04 52.40 54.88 59.18
0.00 0.00 0.00 0.00 0.00
~46.04 -52,40 -54.88 -59.18
-99.94 -108.90 -106.65 -109.75 -115.36
-165.74 -166.28 -164.63 -165.52
-203.98 -218.65 -217.43 -219.49 -206.67
SXY, psi
Timoshenko Theory of
Mesh 1 Mesh 2 Mesh 3 Beam Theory Elasticity
54.25 4.42 2.40 0.00 0.00
44.09 47.79 38.93 38.59
62.79 76.30 71.32 66.74 66.65
79.26 78.24 83.42 83.70
83.02 78.31 78,81 88.99 89.42
79.26 78.24 83.42 83.70
62.79 76.30 71,32 66,74 66.65
44.09 47.79 38.93 38.59
54.25 4.42 2.40 0.00 0.00

produce an accurate shear stress near the base with mesh 2 yielding an accu-

rate shear stress away from the base,

cantilever.

Comparison of Results for Trapezoidal Cantilever

29, Meshes 1 and 2 only were used in the analysis of the trapezoidal

While mesh 3 for the rectangular cantilever produced more accu-

rate shear stresses near the base, the additional cost was not felt to be

. - .
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Table 6
Comparison of Stresses for a Rectangular Cantilever with

Linear Load (Case A2) at a Height of 111 Ft

SYY, psi
Timoshenko Theory of
x, ft Mesh 1 Mesh 2 Mesh 3 Beam Theory Elasticity
-40.0 15.31 18.36 19.11 27 .44 21.02

-30.0 20.10 20.40 20.58 21.03
-20.0 16.49 16.76 17.17 13.72 16.53
-10.0 10.83 10.94 6.86 9.01

0.0 0.00 0.00 0.00 0.00 0.00
10.0 -10.83 -10.94 -6.86 ~9.01
20.0 -16.49 -16.76 -17.17 -13.72 -16.53
30.0 -20.10 -20.40 -20.58 -21.03
40.0 -15.31 -18.36 -19.11 -27.44 -21.02

SXY, psi
Timoshenko Theory of
Mesh 1 Mesh 2 Mesh 3 Beam Theory Elasticity
-40.0 4.01 0.74 0.17 0.00 0.00
-30.0 9.12 9.42 9.74 9.39
~20.0 15.71 17.29 16.69 16.69 16.60
-10.0 21.00 21.43 20.85 21.13

0.0 26,69 24,02 23.33 22.24 22.68
10.0 21.00 21.43 20.85 21.13
20.0 15.71 17.29 16.69 16.69 16.60
30.0 9.12 9.42 9.74 9.38
40.0 4,01 0.74 0.17 0.00 0.00

justified. As mentioned previously, closed-form results were found only for
the concentrated load at the top (Case Bl). Case B2 was executed in order to
compare the results of meshes 1 and 2.

30. Meshes 1 and 2 for the trapezoidal cantilever were shown previously
in Figures 5 and 6, respectively. Again, the meshes were equally subdivided
horizontally and vertically for ease of generation. Only the coordinates at
the four corners of the trapezoid had to be changed to modify the input of the

rectangular cantilevers.
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\Yk 31. A comparison of the transverse deflection results along the height
’

k{: of the trapezoidal beam at its center line is presented in Table 7. Closed-
.*; form results for Timoshenko Beam Theory and Theory of Elasticity solutions are

also presented in Table 7. For the trapezoidal cantilever, the results from
the Timoshenko Beam Theory solution are stiffer than those from the Theory of

Elasticity solution. This stiffer characteristic is greater in the trape-

zoidal cantilever than in the rectangular cantilever. Both mesh 1 and mesh 2
produce displacements at the top of the cantilever within 5 percent of the
elasticity solution. Again, both meshes produce higher results near the base

but lower results near the top when compared with the elasticity solution.

Table 7 1

Comparison of Deflections of Trapezoidal Cantilever with

Concentrated Load at Top (Case Bl)

Distance Deflection at Center Line, in.
from Timoshenko Theory of
Base, ft Mesh 1 Mesh 2 Beam Theory Elasticity
18.5 0.0216 0.0324 0.0108 0.0132
37.0 0.0432 0.0504 0.0288 0.0336
55.5 0.0684 0.0756 0.0552 0.0624
o 74.0 0.1032 0.1116 0.0936 0.1032
K 92.5 0.1524 0.1608 0.1440 0.1584
L
’:: 111.0 0.2208 0.2292 0.2136 0.2304
L)
La
W 129.5 0.3120 0.3216 0.3060 0.3288
1% 148.0 0.4392 0.4488 0.4332 0.4608
\
“' 166.5 0.6216 0.6288 0.6108 rornng
1 )
y 185.0 0.8700 0.8868 0.8628 0.9120
.. b
@
:&-. 32. A comparison of the SXY (shear) and SYY (normal) stresses was made
:ﬁx as in the Case A studies. The results for these stresses for the various
;aﬁ meshes at a height of 37.0 ft above the base are presented in Table t while &
Q. comparison of the stresses at a height of 111.0 ft above the base is presented

<.l‘ x-

in Table 9. Timoshenko Beam Theory and the Theory of Elasticity solutions are

.'é. L

P

also presented in Tables 8 and 9.

33. The most Interesting observation that can be made concer..ing '@

. stresses reported in Tables 8 and 9 is the discrepancy between the cam 7> -ry
"
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Table 8
Comparison of Stresses for a Trapezoidal Cantilever with Concentrated
Load at the Top (Case Bl) at Height of 37 Ft
SYY, psi
Timoshenko Theory of
x, ft Mesh 1 Mesh 2 Beam Theory Elasticity
-59.0 373.88 430.03 442,88 411.47
-44,25 332.64 332.16 333.89
-29.5 251.89 234,41 221,44 235.89
-14.75 109.99 110.72 122,21
0.00 0.00 0.00 0.00 0.00
14.75 -109.99 -110.72 -122,21
29.5 -251.89 =-234.41 -221.44 -235.89
44.25 -332,64 -332.16 -333.89
59.0 -373.88 ~430.03 -442.88 -411.47
SXY, psi
Timoshenko Theory of
Mesh 1 Mesh 2 Beam Theory Elasticity
-59.0 143,37 135.67 0.00 140.40
-44.,25 87.72 38.62 90.57
-29.5 50.83 43.33 66.21 49,65
-14.75 29.32 82.76 22,71
0.00 -12.32 1.66 88.28 13.29
14,75 29.32 82.76 22.71
29.5 50.83 43.33 66,21 49,65
44,25 87.72 38.62 90.57
59.0 143,37 135.67 0.00 140.40
stresses calculated from My/I and VQ/It and the stresses from the Theory of
Elasticity solution. At both elevations, the finite element results are con-

verging towards the Theory of Elasticity solution. Practicing engineers that i
are not familiar with the analysis of tapered beams will find that shear
stresses on a horizontal plane are at a maximum near the extreme fibers. The
finite element results again agree more closely at 111.0 ft than at 37.0 ft

due to the effect of the boundary conditions at the base on the stresses at
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NN Table 9
;-.'.-.
\'_:.\ Comparison of Stresses for a Trapezoidal Cantilever with Concentrated
N‘l\
Ty Load at the Top (Case Bl) at Height of 111 Ft
) SYY, psi
: Timoshenko Theory of
! x, ft Mesh 1 Mesh 2 Beam Theory Elasticity
R -33.75 664.38 642.78 676.73 637.54
! .) -25.31 510.55 507.54 509.89
"
by -16.88 357.51 359.23 338.36 356.18
LY
T -8.44 183.13 169.18 183.13
B 0.00 0.00 0.00 0.00 0.00
8.44 ~183.13 -169.18 -183.13
1.. Pl
: :' 16.88 -357.51 -359.23 -338.36 356.18
sl
,,.'\u', 25.31 -510.55 -507.54 -509.89
:: 33.75 -664.38 -642.78 -676.73 -637.54
vy SXY, psi
" Timoshenko Theory of
o Mesh 1 Mesh 2 Beam Theor Elasticit
. —2€sa - —€sh ¢ Zeam ‘heory L-asticity
K -33.75 177.08 208.76 0,00 217.54
N
-25.31 143.90 67.51 146.13
;'é:: -16.88 82.94 78.44 115,74 89.55
1830
::.:: -8.44 52.00 144.67 53.16
0 0.00 ~6.35 27.78 154,32 40.63
N
y 8.44 52.00 144.67 53.16
16.88 -82.94 78.44 115.74 89.55
"
W 25,31 143.90 67.51 146.13
MY 33.75 177.08 208.76 0.00 217,54
;!‘
o
'."'
AN
Rt
u“:: 37.0 ft. Contour plots for the SYY and SXY stresses for meshes | and 2 are
“::. presented in Figures 10 through 13.
'm 34, Case B2 was also analyzed using GTSTRUDL. Closed-form Theory of
&
::3 Elasticity solutions for Case B2 were not found in the literature. Based on
::: ) the error in the Timoshenko Beam Theory solutions from Case Bl and the reali-
'.' zation that Case B2 would have similar error, it was decided to compare Lae
! results only from the finite element models using meshes 1 and .
g
.:." 31
K
e
@

':\,. TR TGS Uy R TN P AT N DR ettt it et i i T b,
. 'y .:".-"‘.-.’l.’~'l.o".a st '.:"x\".a‘l.t'!."l.t.'-0'0,0 Do ORI NN L NI A A KN DORERC A S




T TP T T TWwWY I Tww L dal Loh

Wt
e
AN
& .
W
%1%
o
S
N,
v".l
N :
o £z
\‘ . i o
::“' £ ux
‘!.' > &
i La®
v s : ®
.
58 x5
.5'{ - z >
¢ e
--l‘,,.- <o
S 8 ?:'
B a«nN —_
§ s -
z [
0 13 2
"|' IR
' ce S -
wd o —
‘:.: -1 m
vhy
(N v
e = @
_ g
R DS :
- o
o ~
AR o
M -
h =
[o]
&
=]
o]
1]
>
»<
%)

s ~
4 : -
KA ::z 2
) g )
AR _' P
.I g'l §l' ED
3 s =
; S
»
SN N
< -e
%
AN -
:".’ ".
s .
o) %
y;'.l. - \
?,"“i s
B oz
¥ -
) [} 4
, =
| 4
' )
-3 za
L P N

1 00U A
1)
Y, tgg LNy A“.'l‘q:i‘o'f.o.3.1‘5.?:2.0::“.,,‘u. 2

e ' AOC o | ' ot
'I .l ‘l ',Q """ 'l'.. I l' O .“ .. .‘l .! ! '..q..“.‘.' (3 '.. "‘." 4 |. ]



e ey e N N T W Y W O W oW W T U W T W T U W T PR TV T o VoY ey s Y vy

0.0 x 0.0

v

867.4899 NORIZONTAL IN UNITS PER INCH

67,4699 VERTICAL IN UNITS PER INCM
.l.

ROTATIONS

%l
3

7

ool 4,
'ﬁfjr;, 'y

2,
o

b

ol asl”
SASAAAL,
SYY contour plot, Case Bl, mesh 2

v

LD/ Inze2

972.1678

1
STEP 120.0000
RIN - 972.182) nMax
Figure 11,

FVY NID CONTOUR

Etl

. .
:". DOOOI ":" ::".o"“"' R Barie .“""-n c" ‘.v :.- :tf ity ‘.0.'.'.‘.'.'.'!*.v'\",'n.'.-

ua\\mucumkmn iRy



€16.9922

RAX

STEP 60.00000 LB/1INSER2

AIN - d44.9447

§XY NID CONTOUR

e

Bt
.' H,.a.;

267.4509 HORIZONTAL IN UNITS PER INCH

267.4699 VERTICAL IN UNITS PER INCH

POTATIONS

L.

0.0 Y 0.0 X 0.0

Q_‘!‘\..\b"c.n:':t:

DT AR
A “i ) “l AN ‘|’ .‘ ‘ ‘.'0.““!'1" " ..“‘ '.'

SXY contour plot, Case Bl, mesh 1

Figure 12.
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35.

Table 10.

mately 7 percent with mesh 2 being more flexible as anticipated.

Table 10

Comparison of Deflection of Trapezoidal Cantilever with

Linear Load (Case B2)

EUWITE TS e I"wiTe [ Te | Ve Lhe 1

A comparison of the deflection for meshes 1 and 2 is presented in

The difference in the maximum transverse displacement is approxi-

Distance from

Deflection at Center Line, in.

oT JL it

<

theory.

37.

Theory of Elasticity solution was not found for the stresses
Beam Theory solution was found to be erroneous in Case Bl,
height of 111.0 ft are shown in Table 11.

since the boundary conditions significantly affect the results.

the SXY shear stresses changed less than 10 percent.

Conclusions Based on Simple Model Results

Base, ft Mesh 1 Mesh 2
18.5 0.0204 0.0324
37.0 0.0348 0.0420
55.5 0.0444 0.0516
74.0 0.0540 0.0624
92.5 0.0648 0.0732
111.0 0.0768 0.0852
129.5 0.0888 0.0972
148.0 0.1008 0.1092
166.5 0.1128 0.1212
185.0 0.1248 0.1332

36. Stresses were also computed for both meshes for Case B2, Again, a

Therefore,
closed-form solutions were omitted in the comparison, since the Timoshenko
The stresses at a
Stresses at 37.0 ft were omitted
At 111.0 f¢t,
the SYY normal stresses changed less than 5 percent between the meshes, while
Again, note that the

shear stress, SXY, is not zero on the tapered edges which is contrary to beam

The results from Cases Al, A2, Bl, and B2 indicate that mesh 2 with

four elements across the base is a reasonable compromise between accuracy and
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:0.::: Table 11
:::' Comparison of Stresses for a Trapezoidal Cantilever with
-
a::: Linear Load (Case B2) at Height of 111 Ft
.';i;. SYY, psi
,'l‘ x, ft Mesh 1 Mesh 2
5" A -33.75 35.93 37.20
150
e -25.31 28..9
\
,'\2‘ -16.88 19.89 19.63
*
) ~-8.44 11.36
::‘ > 0.00 0.00 0.00
»
o 8. 44 ~11.36
$ . 16.88 -19.89 -19.63
3 25.31 : ~28.39
e 33.75 ~35.93 ~37.20
N
!"A‘ SXY, psi
Mesh 1 Mesh 2
- -33.75 14.32 13.13
o -25.31 15.85
o -16.88 17.82 18.44
. -8.44 19,58
R
x{ 0.00 22.31 20.68
A
.}',:, 8.44 19.58
‘\\;
ks 16.88 17.82 18.44
‘-) 25.31 15.85
o 33.75 14.32 13.13
O
At
i
L
',;':;‘ cost for the first model of a gravity dam using the IPQQ element. An impor-
A%
6::::: tant point to remember is that mesh 2 is only a starting point. Geometrical
St
':::'f' considerations such as the gallery areas in a dam can quickly cause changes to
LA
300 this guideline.
« 38. Two important conclusions can be drawn regarding the behavior of
0'.I
::"::. the simple models:
)
:"‘ a. Boundary conditions at the base can cause stress concentrations
::‘l‘. that affect the solution over some height above the base. The
. SXY stress contour plots indicate the effect of forcing all the
L}
o
)"‘t 37
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re
Y shearing force into one point along the base. This is probably
a more severe case than found in practice since the horizontal

N restraint from the foundation is over a large area of the base.

. Timoshenko Beam Theory formulas provide reasonable approxima-
tions (within 10 percent for the cases in this study) for the
oy normal stress distribution but are very inaccurate for the
) shear stress distribution. Care must be exercised when using
'q:- these formulas in practice.
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PART III: FINITE ELEMENT ANALYSIS OF DAM MONOLITH

Description of Structure

39. As discussed previously, a typical nonoverflow monolith similar to
the RBR Dam was the structure chosen for the finite element analysis. The
geometry of the monolith is shown in Figure 14, The monolith was assumed to
be completely restrained along the base. The structure was loaded by a hydro-
static loading beginning at 170 ft above the base and the self-weight of the

concrete of 150 pcf.

Modeling Procedure

40. The results presented in Part II for the rectangular and trapezoi-
dal cantilevers indicated that a mesh with four elements across the base was a
reasonable compromise between accuracy and cost. Therefore, the first model
for the monolith, mesh RBR4, had four eight-noded IPQQ elements across the
base. The mesh was graded to facilitate automatic generation since an engi-
neer's time is often more costly than computational resources in a finite ele-
ment analysis. The tapered sides of the monolith were also approximated to
facilitate the automatic generation. Mesh RBR4 is shown in Figure 15. The
mesh contained 28 elements and 107 nodes. Before performing the two-
dimensional (2D) analysis, the basic assumption of whether to do a plane
stress or plane strain analysis must be made. Plane stress is usually applic-
able for 2D models with a thickness which is small compared to the other two
structural dimensions. On the other hand, a plane strain analysis is usually
applicable for structures with a thickness which is large compared to the
other structural dimensions. Although most dams are thick (long) when com-
pared to the dimensions of a cross section, the vertical construction joints
between monoliths do not provide complete transfer of forces arross the ‘oint
boundaries. Therefore, the model was assumed to be in a state of plane
stress., A comparison of plane stress versus plane strain is presented in par-
agraphs 46 and 47, The monolith was analyzed for the combined effects of the
hydrostatic and self-weight (body-force) loading. The results were inter-
preted bv obtaining contour plots of the SXX, SYY, and SXY stress componeiits,

The contour plots are shown in Figures 16 through 18.
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Figure 18.

plus body~force loading



l{l'

41. The engineer then faces the question of accuracy of the solution.
For mesh RBR4, one indication that the mesh was not fine enough was the sharp
changes in the lines on the stress contour plots in Figures 16 through 18,
These changes indicate that the stresses in these areas are changing rapidly
and a finer mesh is required.

42, The next step was to refine the mesh., Six elements were used along
the base with finer subdivisions in the vertical direction. This mesh,
mesh RBR6, is shown in Figure 19. This mesh was also graded to facilitate
automatic generation, although the tapered sides were accurately represented,
Mesh RBR6 contained 102 elements and 353 nodes. Therefore, it was a consider-
ably finer mesh than mesh RBR4.

43, Mesh RBR6 was analyzed for the combined effects of hydrostatic and
body-force loading. Contour plots were obtained for the SXX, SYY, and SXY
stress components and are shown in Figures 20 through 22, respectively. The
contour plots produced much smoother curves, although the contour lines near
the heel of the monolith did indicate that the stresses were changing rapidly
in that area., Thus, a finer mesh would be required to accurately predict the
stresses near the heel. The difficult question facing the engineer in the
convergence of the results is: Are the results accurate? Comparing the re-
sults of meshes RBR4 and RBR6 indicated that the range of the stress compo-
nents had changed considerably between meshes RBR4 and RBR6. For instance, in
mesh RBR4 the maximum SXX stress was 5.96 psi while in mesh RBR6 the maximum
SXX stress was 19.52 psi. Overlaying the contour plots for the various compo-
nents also revealed that the contours were quite different in shape and magni-
tude except near the top of the monolith which was a lowly stressed region.
Based on these comparisons, the engineer may decide that a finer mesh is
needed.

44, Since the model selected in Phase I was going to be used in further
foundation and dynamic analysis studies, the decision was made to further re-
fine the mesh to one with eight elements across the base and more elements in
the vertical direction. This mesh, mesh RBR8, is shown in Figure 23 and con-
tained 192 elements and 641 nodes. Mesh RBR8 was also analyzed for the com-
bined effect of hydrostatic and body force loadings. The results were ana-
lyzed using contour plots, and the SXX, SYY, and SXY contours are presented in
Figures 24, 25, and 26, respectively. Comparing the contour plots for
mesh RBR8 with those of mesh RBR6 (Figures 20, 21, and 22) indicated that

45
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Figure 19, Mesh RBR6 for dam monolith
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o VAN
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£58 \

o TLUL L\ N\ 192 Elements (IPQQ)
-:_" V\ \‘\ \\ 641 Nodes

o A AVANAN

: AN

2 T

" | AVANA AN

Figure 23. Mesh RBR8 for dam monolith
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E::j there was very little change in the magnitude or distribution of the stresses
na
ti:{ except near the stress concentration at the heel of the monolith for all
Y
AN meshes. Table 12 summarizes the minimum and maximum stress components for
meshes RBR4, RBR6, and RBR8. The following points should be noted from the
",
;:j: results in Table 12:
o hl
}?\ a. The results for mesh RBR6 are close to those of mesh RBR8. The
N contour plots reveal that the major differences were isolated at
oYy
'ﬁj the heel of the monolith.
1
5 b. The results for the coarsest mesh, mesh RBR4, were not conser-
'?3. vative and if used, could lead to design errors.
{27
o
.¢:I Table 12
E‘ Comparison of Minimum and Maximum Stresses* for Meshes RBR4,
NN RBR6, and RBR8
ey
A YA
. : RBR4 RBR6 RBR8
: .'\r SXX min -60.91 -71.76 ~74.80 |
b SXX max 5.96 19.52 22.47 |
-
YA
o SYY min ~128.85 -127.73 -127.45
--,l.
';;; SYY max 29.82 97.61 112,36
: SXY min -12.21 ~4.75 ~4.72
.r‘:t:
;:: SXY max 72.98 87.56 90.98
.qh:_-
,§}~ * All measurements are in psi.
2
Wt : 45, Based on these observations and the contour plots, mesh RBR6 was
L~
z:h: selected as adequate for use in further studies. The primary criterion for
Yy
K : selecting mesh RBR6 over mesh RBR8 was that the RBR6 mesh provided acceptable
0
" accuracy for a lower computational cost. Mesh RBR6 contained 102 elements and
* al
'}¢Q 353 nodes while mesh RBR8 contained 192 elements and 641 nodes. A listing of
o
.:#4 the input data required for mesh RBR6 is presented in Appendix C.
B2
l. §¥23
®.- Plane Strain Versus Plane Stress
o=
‘:35 46. The models analyzed in paragraphs 40 through 45 were assumed to be
::%q in a state of plane stress. When modeling a three-dimensional structure using !
SR
. a two-dimensional model, an initial decision 1s the type analysis to be i
N3 ‘
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&

: performed. For this study, a plane strain and a plane stress analysis were

N the choices.

;} 47. 1In order to assess the effect of the plane stress versus plane

o strain assumption, mesh RBR6 was analyzed, assuming plane strain as well as
;: stress. Contour plots were again obtained and are shown in Figures 27, 28,
. and 29. Comparison of these three figures with those of RBR6 under plane

;' stress, Figures 20, 21, and 22, indicated that although the minimum and maxi-
y mum stress components did change, the change was relatively minor. Also, the
3 distribution of the stress was essentially the same with minor changes only in
{E the SXX and SXY stress components near the center of the base.
L

g Effect of Gallery on Overall Behavior

M

i: 48. 1In the analyses presented in the previous paragraphs, a gallery

" located near the heel of the monolith was ignored. In order to assess the

‘ effect of the gallery on the overall behavior of the model, mesh RBR6 was

; modified to account for the gallery. Since the emphasis in this analysis was
;; to evaluate the overall behavior and not to determine a detailed understanding
;' of the state of stress near the gallery, mesh RBR6 was modified to account for
P the hole as shown in Figure 30. If a more accurate representation of the

. state of stress was needed near the gallery area, a much finer mesh would be
:5 required in that area with a transition zone to the regular mesh also needed.
-, 49, Mesh RBR6 was assumed to be in a state of plane stress and was

qi analyzed for the combined effects of hydrostatic and body-force loading.

:E Stress contour plots were obtained and are presented in Figures 31, 32,

i: and 33. These plots revealed that while the maximum and minimum stresses

el changed considerably, most of the changes were in the area of the heel due to
" the combined effects of the stress concentration at the heel and the gallery
& area.
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Figure 30. Mesh RBR6 with galleryv

59

QL CC I
- o m &4

K}
1

".rv':-“"'\.-“.r"' s 3.»‘\.‘» N s, ',\,:,-._;»*

e I‘ono- ‘na‘ 3 R’

b O, SO ) T o o T P 4
o o o ~ BYaohe \,\'\ NSt . WSS -“, -."_ et
o el 1, y



W

. o';‘?k“._'.u \'

- ‘-- -
b..'u' v " .:-'. 'c

3uipeo] 23103J-Lpoq pue J313els
—01pAYy paurquod 03 ¥np ALa7Ted YITM 9y¥gy ysaw 103 307d Inojuod ¥XXS °1¢ 21n3T4

ety

VLYY
C et}

-

O, T W% 30 TR S LYy
el‘:. R4, 'y Lttt

Y

’

o

-

)
ey

RN,

n 2% ]

-
"«!‘0 RICAN

~

)

0 X 6°90 A 0SS 2 I1INOIAVLION
HONT ¥3d SLINN NI D183 669v°:92 X
HINT ¥3d SLINN NI TVYLNOZINOM 889 ' 192

" S 3% 1

AN

A 82v8°¥C X $992°CCE - NIW € g}
20IN1/87 00090°L 4315  WNOLNGD QIM ANS

D
L)

.:'o .!\

a

\I‘

.1..
4 r 4 27 TR S L .« r e . "JHJI.,IMWJ ~xy .

..I. v PR, o s A SRS .......,.z Y v S s s o > e P \m
wvr)v\.. 3 rnx.............x.ﬁrm ARy G S O R A 24 LRSS s @ WSl @12

L=




v

-

A ). S R 3t el _ PSTrENAAN ¢ ol pn s PRl A

3urpeo] 9d103-4Apoq pue OT3e3IS

~01pAYy paufqwod 03 anp LaaTTed YITm 9ygy ysew 103 3ord anojuod xxs °zg¢ 2andIg
L
¥
e X 0°0 A 00 I 11NOILViION
HIND ¥3d SLINN NI WILiuIN 6890°292 X
HON] 834 SLINN NI TYINOZIuWOW 6899 °L92 <
A C66s‘L8 Xou teti-ol2 - NI € Q1

28SN1/QT 00000°ST JUS

. -~ - - - ™ - A A A A AN A A A AN wile

2o g ye Tyt WLE

WNO0ANYD dIN ANS

61

L]

N
[Py

s

A
)

N

-

A0

t'"l‘. 1..



3urpeo] 22103-Apoq pue DFIEIS

Rk AR AR -ahe s Sh Al Al el oal Sl it cals Sal Sad tolh b Sal aah Radt Tk cal el Cal Lol -y

62

0 X &0 A 0°0 T 1NOIIVION
HINI 834 SLINM NI TwI1143n 8839 °L92 x|l._

MONT ¥3d SLINN NI WWINOZIWOM B89V °L92

<
A cree-sat XWd GI96°9 - NIN € a1
23INI/8T 100000°8 dIi3 WWOLINOD QIW AXS

Vet

..
2@




L
{ﬂﬁ?

JX

RN T T O T O R O POV IR T T O RV PO RO RN FURy TR TR R R R RS A A A vy e e mm s o e e _]
VT ¥ Y A

Rk

vy v v v
« .
s ey, e

PART IV: SUMMARY

50. The primary objective of this study was to illustrate an approach
for performing a static finite element analysis of a Corps structure, the
monolith of a dam. The illustration served two purposes:

a. To aid the beginning finite element analyst with an under-
standing of the necessary steps for performing a finite element
analysis.

ke

To develop an understanding of the behavior of a gravity dam.

51. The analyvses of a monolith of the RBR Dam determined that a mesh
with six elements across the base, mesh RBR6, yielded satisfactory results for
the overall behavior of the structure. The gallery was found to have little
effect on the overall behavior but greatly affected the state of stress in the
vicinity of the gallery due to the combined effects of the stress concentra-
tion near the heel and the gallery area. The assumption of plane stress or
plane strain had little effect on the results. In conclusion, RBR6, is recom-
mended for future foundation and dynamic analysis studies to be performed in

subsequent phases of this study.
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APPENDIX A: MESH 2 FOR CASES Al, A2, Bl, AND B2
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A CANTILEVER FINE MESH - MESH B~
A "CANTILEVER FINE MESH - ME:IH B~

#TITLE “CAsE
STRUDL CAzE
$

UNITS FEET LB=
TYFE FLANE <TRES:

+

$ GENERATE ALL NODES HAVING ZERQ COORDINATES

$ AND THEN CHANGE CORNER NODES TO CORRECT VALUES.

$ THIS WILL WORK SINCE GTETRUDL WILL AUTOMATICALLY

3 COMFPUTE THE CORRECT COURDINATES FOR THE MID-SIDE

$ NODES IF THE MID-SIDE NQDES HAVE COORDINATES OF

$ 0,0,0. GTSTRUDL WILL THEN ASSUME THAT THE COORDINATES
$ ARE HALF-WAY ALONG THE EDZE WHICH IS THE CORRECT

$ FOSITION FOR THIZ PROEBLEM.

$

GENERATE 14% JOI ID1 1 X O QY OO Z OO

L 1
‘$ ENTER CHANGEZ MODE TO SENERATE THE CORRECT COORDINATES
] FOR THE CORNER NODES.

:

CHANGES

3

JOINT COCRDOINATES

1 0.0 0.0

7 280.0 0.0

141 0.0 125,.0

149 30.0 13%.0

$

GENERATE EBETWEEN 1 ¢ 147 141
XDIRECTION 4 PARTS EQUAL
YOIRECTION 10 PARTS EQUAL

$

ADDITIONS

$

GENERATE 4 ELEMENTZ ID 1 1 F 1 2 T 3 2T 17 2T 1S5 2T 227111714

REFEAT ¥ 1D 4 F 14

%

STATUS SUPFORT 1t TO 2
JOINT RELEAZES

1 TO 4 & TO 9 FORCE X
$

ELEMENT FROIFERTIES

1 TO 40 TYPE “IP” THICK 1.0
L

FLOT FPROJECTION

L

CONSTANTS

E S74£000000,

POTZSON 0.2

3

%

UNITS KIS

LOADING 1 "HORIZONTAL FORCE AT TOPS

+*

[ 3 TRIBUTARY AREA LISED TO DIZTRIBUTE FORCE AT NIJDES 141-147%
3

JOINT LOAD:E

141 147 FORLE X f

&2
125

142 TO 1432 FORCE X

Figure Al. Input for mesh 2, Cases Al and A2 (Continued)
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*

s

*

UNITZ LBRT

COADING I LINEAR DIZTRIBUTED HORIZONTAL LOADS

$

ELEMENT LOAD

s

%

29 EDGE FORCE EDGE 4 GLOBAL VARIABLE VX 0.0 S77.2 11%54.4
35 EDGE FORCE EDGE 4 GLOBAL VARIABLE VX 11S54.4 1731.6 2308,
31 EDGE FORCE EDGE 4 GLORAL VARIABLE VX 23202.3 2836.0 38&63.2
27 EDLE FORCE EDGE 4 GLOBAL VARIABLE VX 34632.2 4040.4 4617.¢
223 EDGE FORCE EDGE 4 GLDOBAL VARIABLE VX 4417.6 S194.,8 S772.0
19 EDGE FORCE EDGE 4 GLOBAL VARIABLE VX S772.0 6349.2 6926.4
1S EDGE FORCE EDGE 4 GLOBAL VARIABLE VX  6926.4 73503.6 38080.2
11 EDGE FORCE EDGE 4 GLOBAL VARIAEBLE VX £080.3 8&52.0 9235.2
7 EDGE FORCE EDGE 4 GLOBRAL VARIABLE VX 9225,2 9812.4 1033%.6
3 EDGE FORCE EDGE 4 GLOBAL VARIABLE VX 102387.6 10%66.3 11544.0
$

$

STIFFNEZS ANALYSIS

$

LIzT DI=P

E

LIZT REACTIONS

]

SUM REACTIONS

-
[ e
i
—

LIZT STRE
1)

(Xl
(1]

£

[}

k]
SAVE “IZAZEAF-
v FINIZH

Figure Al. (Concluded)
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#TITLE ©CAIE B CANTILEVER FINE MEZH - MEZH I
STRUDL CAZE B CANTILEVER FINE MEIH - ME:ZH -
k7

LINITZ FEET LE=
TYFE FLANE =TREZZ

$

+ GENERATE ALL NODES HAVING ZERO COORDINATES

$ AND THEN CHANGE CORNER NODET TO CORRECT VALUES,

$ THIS WILL WORE S INCE GTETRUDL WILL AUTOMATICALLY

$ COMPUTE THE CQRRECT COORDINATES FOR THE MID-SIDE

* NODES IF THE MID-ZI0DE NODES HAVE COORDINATES OF

$ 0,0,0., GTSTRUDL WILL THEN AZZUME THAT THE CUCRIOINATES
) ARE HALF-WAY ALONG THE EDNGE WHICH I3 THE CORRELT

$ FOSITION FOR THIS FROBLEM.

$

GENERATE 142 QI ID 1 1 X QO O Y O Q Z QO

$

$ ENTER ZTHANGES MOIDE TO GENERATE THE CORRECT COORDINATES
$ FOR THE CORNER NODES,

3

CHANGES

3

OINT COCROINATES

1 0.0 0.0

¢ 142.25 0.0

141 63.125 135.0

149 30,125 125.0

3

GENERATE BETWEEN 1 ¢ 147 141
XDIRECTION 4 PARTS ECQLIAL
YDIRECTION 10 PARTS EQUAL

+

ADDITIONS

$

GENERATE 4 ELEMENTS ID 1 1 F 1 2 T 2 2T17 2715 27T 22T1117T1¢6

REFEAT = ID 4 F 14

L

STATUD SUPFORT 1 TO 2

JOINT RELEAZES

1 T2 4 - TO * FORCE X

%

ELEMENT FRIOFERTIES

1 T 40 TYFE  IFO0 THICK 1.0

3

FLOT FROJECTION

%

CONZTANTS:

E 74000000,

POISZON O 2

%

L 3

IINITZ F IFS

LOADING 1 HIORIZONTAL FORCE AT TOF-
$

3 TRIBUTARY AREA LUISED TO DISTRIBUTE FORICE AT NODES 141-147
%

JOINT L2ADE

141 14° FORCE X A2.%

142 T 142 FORCE X 12,0

Figure A2. Input for mesh 2, Cases Bl and B2 (Continued)
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LOADING 2 "LINEAR DISTRIBUTED HORIZONTAL

$
ELEMENT LQAD

29 EDGE
S EDGE
EDGE
EDGE
EDGE
EDGE
EDGE
11 EDGE
7 ELDGE
3 EDGE
$
]

FORCE
FORCE
FORCE
FORCE
FIORCE
FORCE
FORCE
FORCE
FORCE
FORCE

STIFFNEZS
$
LIST
$
LIST
$
LI
$
LIST
$

DIcP

I}

[

STRESEE

(
o)

REACT IONZ

EDGE
EDGE
EDGE
EONGE
EDSE
EDGE
EDGE
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APPENDIX B: TIMOSHENKO BEAM THEORY AND THEORY OF ELASTICITY
SOLUTIONS FOR SIMPLIFIED MODELS--CASES Al, A2, AND Bl h
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Case Al*

P 1
USRI .
Deflection Curve \ Y
th _P(g - x)° P(2 - x) '
- X - X J .
- - 4 =~ = 2 Note: A unit thickness
v 6EI (22 x) KGA 2 — c—1=c = of the team jn

the z-direction
is assumed.

_ 100+ ) '
12 + 11y

S Ll
3 2 ’

af - Px szx PQ3 Pc

= - + — -
v 6ET ~ 7FT T 3EL T 261 2 T ¥ Y
X, U
G = modulus of elasticity in shear
E = modulus of elasticity in tension and compression

I = moment of inertia of a cross section of the beam

£ = length of beam
v = Poisson's ratio
P = load applied to end of beam

A = cross-sectional area

Stress
tb '
g _ = caf - %
XX XX I
tb _ af _ VQ
S %y 9%y ~ (D1
-j:':j where
]
.‘: tb: Timoshenko Beam
o af: Airy Stress Function (Theory of Elasticity)
.'»I
%
l{.
.V * S. P. Timoshenko and J. N. Goodier. 1951. Theory of Elasticity, McGraw-

HilIl, New York. This same reference applies for Cases A2 and Bl.
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Case A2
yv

Deflection Curve

Stress

2
q (¢ - x) Note: A unit thickness
tb o 3 2 2 3 .
v = ————— (427 + 22x" + 3¢°x + x7) of the beam in
120EIy the z-direction
is assumed.

qO 3 3 90 1
* gxcag (&~ X)) T %
3 3 5 i
af _ 1+ v xd + 7qox _ VX " (v - l)qox +h
V. T T 30c 20c 3
80c¢
2
-q ¢ q 9,4 3q 22 3vq %
d =+ (1 - w22 + —=
10 3 20c 8¢
16c¢
3 5 3
po Lt vq 2 +(1-\))q0fL _7qo£ o
T E 20¢ 3 30c¢
80c¢
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Deflection Curve

th 2n( by ) ( P, I12p )
v =
h2 + ax KGba a3bE

6P(h2 + 2h1)(1 - X)2
+

2
abE(h2 + ax)h1

12P(2 - x)
azbE(h2 + ax)

Note: I'se b = 12 inches

in the above equation

Case Bl

LI |
~ie

A unit thickness
of the beam in

Y Note:

X, u the z-direction
is assumed.
Stress
oth o My , oftb . VO
XX 1 Xy 1)1
2 i 2y°x - 6
2t - _ FPyx RH 5 | cos 20 2y 5t == yg
XX ’ + 2 2
x> + y%) x YL Y (" +y)
2 4 2 2 4
At - _ FP¥Y2 - RM cos 2a L e
xy s 52 2.2 X% + 2, .2,
(x" +y9) ¥ L ¢ vy
. 2
F = 35— sin 20
R = 1
" sin 26 - 26 cos 26

- - 3 -
) OGN
gttty ettty

¥
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APPENDIX C: INPUT DATA FOR MESH RBR6
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STRUDL ~RBRDAME - REBR DAM MODEL WITH ¢ ELEMENT: ACROSI BALE
E )
UNITS °T LET

3

$ FIRLT LENERATE ALL JUINTS AS HAVING ZERD COCRDINATEZ AN

$ GENERATE THE CORNER NOME COORDINATES FUOR ALL ELEMENTS

s CHANGES MODE.  GTITRUDL WILL ALIUME THAT THE MIDSIDE NODEZ
% ARE LOCATED HALF WAY BETWEEN THE CORNER NODEZ IF THE MIDIIDE NODES
$ HAVE COCRDINATES OF ZERM.

s

GENE 252 J0I ID1 1 X O O

$

3

CHANGES

k1

s CONTROLLING POINTS FOR GENERATE BETWEEN COMMANDE

3

JOINT COORDINATESZ

1

12 142,25

31 2,3233 44

23 104,917 4c

241 11,916 14z

252 40.24% 14%

221 11,9146 140

292 28,7146 160

341 11,9214 125

352 28.%14 1

L 3

GENERATE BETWEEN 1 13 22 21

XDIRECTION 4 PARTS EQLAL

YODIRECTION 4 PARTS ECUAL

]

GCENERATE BETWEEN 21 92 1%z 241

XOIRECTION & PART= ENLAL

YDIRECTION 2 FARTES ECMIAL

L

GENERATE BETWEEN 241 292 292 21

XOIRECTION 4 FARTS EOUAL

YDIRECTION 2 PARTS ECIAL

$

GENERATE BETWEEN 221 292 292 241

XOIRECTION ~ PARTI EQNIAL

YOIRECTION 2 FARTS EQUAL

L3

ADDITIONS

%

TYFE PLANE =ZTREZSZ

GENERATE 4 ELEMENT:Z IDt 1L F 1 2T 2 2T 22 2007
TI1S 1 7 2227 141

REFEAT 1& ID A~ F 20

$

+

STATU:Z ZUFPFORT 1 TO 12

i
N

2

U

Figure Cl. Input data for mesh RBR6 (Continued)
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