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Introduction

This study is concerned with determining the seismic response of the
supporting structure for coal handling elevators No. 28 and No. 29 at
TVA's steam power generating plant in Paradise, Kentucky. These elevators
feed Tive piles No. 3 and No. 4, respectively.

The supporting structure for the coal conveyors is a complex three-
dimensional system. An adequate model for analyzing the dynamic behavior
of the system, required the use of over 1000 three-dimensional truss, beam,
and plate finite elements and approximately 100 Tumped masses. The assem-
bled system has 714 degrees of freedom.

The analysis has the following objectives:

a) Determine the basic dynamic properties of the system, i.e., the

natural freguencies and their corresponding normal modes.

b) Perform a response spectrum analysis to determine the necessary
number of modes to be included in an earthquake time-history
response analysis and to provide a means of checking the time-
history calculations.

c) Determine the response of the coal handling equipment to the North-
South component of the £1 Centro, 1940, =2arthquake using the mode
superposition technique and investigate the effect of viscous
damping on the response,

d) Identify the vulnerable members of the structure.

e) HUtilize computer graphics techniques for data checking, displaying
results, and as a medium for gaining insight into the nature of the
structure's dvnamic behavior.

The free vibration analysis, the earthquake respﬁnse spectrum analysis,

and the earthquake time-history response analysis, were carried out with an



existing structurai analysis program, SAP IV. To enhance the entire analy-
sis process, a three-dimensional perspective projection plotiing program
was developed. This program has the capabilities of displaying either

the basic structural model or of superimposing a deformed structural
configuration, such as a mode shape, upon the original undeformed config-
uration. A number of other programs were required to further analyze

and display the results.



Description of the System

The supporting structure for elevators No. 28 and No. 29 is 517.2 feet
Tong and 111.3 feet high. The structure's side view, shown in Fig. 1,
consists of two separate truss systems corresponding to the two elevators.
The Tower one will be referred to as truss system 1 and the upper one will
be referred to as truss system 2. Elevator No. 28 (system 1) feeds live
pile No. 3 or alternatively, it feeds elevator No. 29 (system 2) which feeds
Tive pile No. 4.

The lower end of truss system 1 is bolted to a concrete foundation
s0 that it is restrained from any displacements. The upper end of truss
system 1 rests on truss system 2 at four joints with roller conditions,
Intermediate support for truss system 1 is provided by two bents. These
bents are connected to the truss by joints with hinged conditions and
anchored at the based with near1y‘f1xed conditions to concrete footings.

Truss system 2 has a nonuniform cross-section and is supported by a
tower at its lower end and a bent in the center. The tower and the bents
area connected to the truss by joints with hinged conditions and anchored
to concrete footings with nearly fixed conditions at the base. The outer
end of truss system 2 is entirely free.

The structure also has several secondary components of concern. There
is a three inch thick cement walkway beneath the elevators. The combined
weight of the coal and elevators can be over 100,000 pounds and must be taken
into account, In truss system 2, there are two machinery rooms containing
drive motors and auxiliary equipment. Also in truss system 2 there are a
considerable number of secondary structural members which serve fo support
the machinery rooms, the elevator, and the walkway in this section. Feeding

the coal to each iive pile, there is an 80 foot telescopic chute.



Finite Elements

Two types of finite elements are used. One type is the three-dimen-
sional beam finite element with three displacement and three rotational
degrees of freedom at each nodal point. The truss bar finite element,
without the rotational degrees of freedom at the nodes, is a special
case of the beam element. The other type is a three-dimensional quadri-

lateral plate finite element.

i The three-dimensional beam finite element

The three-~dimensional beam finite element is described in Fig. 2.
The element is assumed to have six degrees of freedom at each nodal
point: three displacements u, v, and w in the local X, ¥, and Z direc-
tions, respectively; and three rotations 85, ey, and 85 about %, y, and z,
respectively. Corresponding to the six nodal degrees of freedom, there
are three forces Fss Fy, FE’ one twisting moment e and two bending
moments My, MZ’ respectively.

The element formulation is derived in the form that the 12 nodal
forces are related to the 12 nodal displacements (in local coordinates)
by the stiffness and mass matrices.

o= Kl @ - o° W@ (1)
12x1 12x12  12x] 12x12 12x1
where the stiffness matrix is‘shown in Table 1. In Table 1, the terms
EA, EI, and GJ are defined as the axial, bending, and torsional rigidi-
ties, respectively and L is the length of the element. The stiffness
matrix can be derived either by the stress-strain equilibrium method or

by the minimum strain energy method. The mass matrix [m] is formulated

on the basis of lumped masses. The rotatory inertia is neglected. There



The stiffness matrix [k] for a local 3-D beam finite element. 5

12E1-
L3
12E1-
Z
0 3
0 0 %i
BEI~ 4EI-
4 0 g -
? L
L
6E1 4EI-
0 5 0 0 T
L
AE
0 0 0 0 0 C
12E1- 6EI~ 12EI-
- ———gﬁ 0 0 0 0 —
L L L
_12EL _ 6EI; 12€1;
L L L
_ G GJ
0 0 L 0 0 0 0 0 C
6EI - 2E1- 6EI-
- 0 0 i 0 0 —W?M- 0 0
L L
6EI; 2E1; ] 61
0 ‘[Z‘ 0 0 L 0 0 “[?“ 0




are only six nonzero terms on the diagonal of the mass matrix, which cor-
raspond to the U, V, W displacements at both nodal points. These terms
are all in the same form of pAL/2 which is half of the mass of the finite
element.

Before the assemblage of each individual element, the equations of
motion {1) for each element must be transformed from the local coordinates
(X, ¥, z) to the global coordinates (x, y, z) by using the nine direction

cosines defined as follows.

Xy = cos 9,
Wi = COS eyi i=x,y, and z (2)
L

The equations of motion with reference to the global coordinates are

in the form
- T 2 -
{Fr = [T] [kl -o m] . [T] {q} (3)
12x1 12x12 |_12x12 12x12 | 12x12 12x1

where the coordinate transformation matrix is defined as

[t} = A (4)

with
- T
A= 11;( V=
= }\_ - -
(4] vy vy {5)
Az vz V=




In the assemblage of such finite elements, the hinged joint condi-
tions can be achieved by neglecting the compatibility requirement for the
three rotational degrees of freedom. This is done by eliminating such
unwanted degrees of freedom at the element level.

Since the stiffness and mass matrices are in the form of a band matrix
only the bands are stored in the computer for the calculation of frequen-
cies and mode shapes. The bands are stored in blocks and are solved by a
subspace iterative procedure. A careful numbering of the joints of the
structural model can minimize the bandwidth and result in saving computing
time. For the 12 degree of freedom element, the bandwidth is calculated

by the formula
Bandwidth = 2{6n + 5) + 1 (6)

where n is the maximum numerical difference between any pair of connected

nodal point numbers.

i1 The three-dimensional orthotropic quadrilateral plate finite element

The three-dimensional orthortopic quadrilateral plate element is shown
in Fig. 3. This element has five degrees of freedom at each corner nodal
point: three displacement degrees of freedom u, Vv, and w in the Cartesian
local coordinate directions x, y, and Z, respectively; and two slope
degrees of freedom about the X and y axes, respectively. For reasons of
computational efficiency., the quadrilateral element is composed of four
triangular elements. The four triangles share a common central nodal point
which is located at the average of the coordinates of the four corner nodal
points. The five degrees of freedom at this central nodal point are
eliminated at the elemental level prior to assemblage, thus the guadrila-

teral element effectively has a total of 20 degrees of freedom, five per



nodal point.
The membrane stiffness of each sub-triangular element is represented
by the constant strain based on linear displacement functions in both u
and v [Ref. 1]. The flexural stiffness of each sub-triangular element
is represented by the fully compatible HCT element based on the cubic
displacement functions in w [Ref. 2]. The orthotropic material property
is included in the formulations for both the membrane and flexural stiffness
matrices. The mass matrix of the quadrilateral eiement is formulated
on the basis of lumped masses. The fermulation, with reference to {he
local coordinates X, y, and z, is given in the following symbolic form
(P = | O[] R (7)
20x] 20x29 20x20 | 20x1
where {F} ard {q} are vectors of nodal forces and displacements, re-
spectively; [k] and [m] are the element stiffness and mass matrices,
respectively; the "bar" represents local coordinates.
Through a congruent coordinate transformation technique, the element
formulation (7) in local coordinates is transformed into the formulation

in global coordinates,

G L e B s s L B s R
24x7 24%20 20%x20 20x24 24x%20 20x20 20x24 24x]

where the matrix [T] is the coordinate transformation matrix. This coordin-
ate transformation generates six degrees of freedom at each nodal point:
three displacement degrees of freedom u, v, and w in the global coordinate
directions, x, y, and z, respectively; and three rotational degrees of

freedom ex’ ey, and ez about the x, y, and z axes, respectively.



Modeling

The supporting structure for the coal cbnveyors is a complex three-
dimensional system requiring the use of three types of finite elements and
the inclusion of additional Tumped masses in order to construct an ade-
quate model for a dynamic analysis. The finite elements used were three-
dimensional truss bar, beam, and orthotropic quadrilateral plate elements.

The structure is of truss type with many cross bracing members.

The conditions of the joints were designhed as hinged. Beam elements assume
rigid joints and truss elements (beam elements without the rotational
degrees of freedom) assume hinged joints. In this study, the 49 bays of
the structure were modeled using 956 truss elements. It is felt that for
structures of this type, the lower natural frequencies and mode shapes
obtained by assuming either hinged joints or rigid joints will not differ
by much.

The bents and the tower, which support the truss structures, are
designed to have bending and torsional rigidities. A total of 81 beam

elements were used to model the bents and the tower. The basic structural

model is shown in Figure 4 and the nodal point numbers are shown in

Figure 5.

The structure has a number of secondary components which have a sig-
nificant effect on the dynamic response of the system. As indicated earlier,
the weight of the elevators when loaded with coal is significant. The
geometry of the elevators indicate that they would add 1ittle to the
overall stiffness of the structure. Therefore, the mass of the elevators
when loaded with coal was estimated and this effect was modeled by dis-
tributing the mass throughout the structure as lumped masses at the appro-

priate nodal points. Also included as lumped masses were the two drive
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motors located in the upper section of the structure and the two
telescopic chutes which feed the 1ive piles.

In truss system 2, there are a great number of secondary, internal
structural elements. The secondary elements which were judged to make
a significant contribution to the overall stiffness of the structure,
were included as additignal. truss elements. The mass of the intermal
elements of this system, which were judged to provide mainly interné1 support
and contribute 1ittle to the overall structural stiffness, was included
in the model as lumped masses.

Beneath the elevators is a 3 inch thick reinforced concrete walkway.
The concrete was assumed to be orthotropic and was modeled with 34
quadritateral plate finite elements.

The complete model of the structure has 232 joints, over 1000 finite
elements and about 100 lumped masses. The assembled system results in

714 equations and has a bandwidth of 126.
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Frequencies and Mode Shapes

The first step of a seismic analysis is the determination of the basic
dynamic properties of the system, i.e., the natural frequencies and the
corrasponding mode shapes. The equation of dynamic equilibrium of an un-

damped structure in free vibration may be written in matrix form as follows:

[M1{u} + [KI{u} = {0} (9)
in which
[M] = mass matrix
.[K] = stiffness matrix
{u} = displacement vector
{u} = acceleration vector

In free vibration of undamped systems, the motion is simpie harmonic
in form, i.e., the displacements in any mode "n" may be expressed

{u} = {¢n} sin w (10)

where w, is the circular frequency. Differentiating eq.70 twice gives the

accelerations

»a _ 2 .
{u} = -{¢n} w, STn w t (11)
Substituting eqs. 10 and 11 into eq. 9 yields

- Wl [Mlge,} + [KIts ) = {0}
or

(01 - wZm] s, = 0 (12)

Eq. 12 is a form of characteristic equation of which the roots, wi, (eigen-

values) define the frequencies of vibration of the structure. Corresponding

to each root is a characteristic mode shape (eigenvector), ¢n.
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Theoretically, one could find a number of frequencies and mode shapes
equal to the number of degrees of freedom of the system. In practice, it
has been observed that the lower modes dominate the structural response.
The solution of eq. 12 for the first 25 frequencies was obtained in SAP 1V,
the structural analysis program used in the study, by the subspace iteration
technique. Subspace iteration is a technique whereby the number of equations,
in this case 714, is reduced to only the number of frequencies being sought.
This reduced set of equations, or subspace, is then iterated until the de-
sired solution is converged upon. The results for the first 25 frequencfes

are shown in Table 2.
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Table 2. The results of the vibrational frequency analysis

Mode No. Frequency{Hz) Period (Sec)
1 440 o 2.274
2 576 1.737
3 716 1.396
4 775 1.290
5 1.059 .945
5 1.268 .789
7 1.299 770
8 1.354 .738
9 . 1.503 .665
10 1.557 .642
1 1.612 .620
12 1.709 .585
13 1.794 .557
14 1.897 .527
15 2.079 481
16 2.393 .418
17 2.684 .373
18 2.831 .353
19 2.997 .334
20 3.037 .330
21 3.190 .313
22 3.228 .310
23 3.231 309
24 3.264 .306

25 3.290 304
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Three-Dimensional Plotting Program

In order to display the basic structural model and the mode shapes
calculated, a three-dimensional plotting program was developed. The program
has the ability to superimpose a mode shape, or deformed structural configu-
ration, on top of the original structure. For each mode, the program creates
two plots which show the structure at opposite extremes of its vibraticnal
cycte. This is accomﬁ]ished by scaling the eigenvectors with appropriate
constants. These plots allow one to see clearly and with full three-dimen-
sional detail, the results of the analysis. These plots have been a great
aid in gaining a physical insight into the nature of the structural dynamic
response. The first 15 mode shapes are displayed in Figs. 6-20, respectively.
The three-dimensional plotting program also proved to be valuable in checking
the basic input data. One could see, almost at a glance, whether or not the
nodal points and finite elements had been cbrrect1y defined.

The three-dimensiona] plotting program forms a perspective projection
of the object to be disp1ayed. The field of view of the aye is modeled as
a2 pyramid and points failing within the viewing pyramid will be projected

onto a display plane to create a two-dimensional image (see diagram below).

Y
/
~—
X T~

Display Plane
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The heart of the plotting program is the calculation of the two-
dimensional oderspective projection. Because the field of view of the eye
is modeted as a four sided pyramid, points can be projected onto the display
plane by using similar triangle relationships. A general point (x,y,z) in
three-dimensional space will have its projected point (xD, yD) calculated

by the schema illustrated below.

X
(x,¥,2}
4
5
(XD,yD) /
1 2 t 3
2 —— <
(0,0,ze) (0,0,0) (0,0,2)
There are two similar triangles a1 2 5~ a1 3 4
. x
z, -2
or
Xz,
*n T z,-2 (13)
Simitlarly
yz
e
Yyt o (14)
b Ze”z

Each of the 232 joints in the structural model has its projection calculated
by means of eqs. 13 and 14. The two-dimensional image can then be displayed
as a hard-copy plot or viewed on a CRT screen. In addition to the perspective

transformation, there are a number of additional complex auxiliary functions
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which must be carried out in order to create a two-dimensional display. The
basic flow chart of the program., which outlines the steps necessary to create

a two-dimensional projection, is given below.

Raw data in Observation transform: Z clip:

user coordinates _440efines position of eye Sets the Timits of
and line of sight the viewing depth

Viewport map: 2-D c¢lip to window: Perspective:

Scales and defines breadth of Transforms data from

positions data the display 3-D to 2-D image

for plotting

Display:

CRT screen or paper- plotter
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Response Spectrum Analysis

While it is generally true that the lower modes dominate the dynamic
structural response, there is the question of exactly how many modes make
a significant contribution in a given analysis. In this study, the struc-
ture's response to strong-motion earthquakes is investigated. The MNorth-
South component of the E1 Centro, 1340 earthquake was chosen since this
is one of the strongest earthquakes for which reliable data has been re-
corded. The acceleration time-history of the E1 Centro earthquake is
shown in Fig. 21. Also, the spectrum of this earthquake displays a typi-
cal pattern seen in many earthquakes [Ref. 4]. The simulated earthquake
will be applied in the z-direction (see Fig. 4). This direction is per-
pendicular to the major axis of the structure which makes it the structure's
most vulnerable direction.

Performing a response spectrum analysis enables one to see what the
maximum response of each mode considered will be. It also allows one to
form a picture of the overall pattearn of modal responses; Therefore, a
response spectrum analysis was carried out to determine the number of modes
which should be included in the earthquake time-history analysis in order
tb be reasonably sure of including all significant responses. A response
spectrum analysis also gives an estimate of the maximum displacements and
stresses, which provides a check for the values calculated in the time-
history analysis.

The response of each mode of vibration to a given earthquake excita-
tion may be calculated by means of the Duhamel integral equation:

(t-1)

R t . -\ w
' n sin w (t-t)d (15)

n

in which
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th

Y {t) = response of the n°" mode of vibration

Rn = earthquake participation factor = EiMi¢in

Mi = mass at node "i"

th

$;, = displacement at node "i" in the n™" mode

M = generalized mass = ZiMi¢§n

u (7) = earthquake ground acceleration time-history

Ay T ratio of damping to its critical value

th mode of vibration. It

In each symbol, the subscript "n" refers to the n
may be seen fnh eq. 15 that the response of the nth vibration mode, Yn(t),
depends directly upon the magnitude of the integral. This integral has
the dimensions of velocity and the point where it achieves its maximum

absolute value is designated as the spectral velocity, S

Vn
to. ~Aqop (t-1)
S =1 [ ulfr)e sin @ _(t-t)dr (16)
v g n
n 0 max
Therefore the maximum response of the nth mode equals:
Rn
y = S (17)
"max "% Vn

Since the maximum response of each mode occurs at a different time, these
maxima cannot be simply superposed to give the maximum total response.
Clough [Ref. 3] has suggested two ways to obtain an estimate of the total
response. The method which shows the greatest agreement with true values
is the root-mean-square approximation. From probability considerations,
it hés been shown that the most probable value of ény earthquake response
quantity is given by the sguare root of the sum of the'squares of the

corresponding modal maxima. The maximum displacements at each node in each



19

mode are obtained from

{uin}

i
—
-
—
—

. (18)
max max

The RMS approximation of the total maxima is then obtained by taking the
square root of the sum of the squares of the modal maxima. For example,

at node "i"

o =\/ui12 ¥ “122 ¥ “i32 T ® ”1‘252 (19)
The results of eq. 19 provide a check on the results obtained in the time-
history analysis.

An examination of eq. 17, the individual modal maxima (calculated by
eq. 18), and the eigenvector associated with each mode, enables one to make
a good judgement as to which modes will make a significant contribution to
and should be included in a time-history analysis. In eq. 17, one sees the

factor

R
ﬁﬁ = modal participation factor {(20)

n
The modal participation factor s a function of the mass distribution of
the system and the mode shape. Its magnitude gives an indication of the sig-
nificance of a given mode to the total response. In general, above a cer-
tain mode, a trend or pattern of decreasing modal participation factors
will be observed; indicating decreasing significance of these higher modes.
The modal participation factors for the first 25 modes are given in Table
3. An examination of these factors suggests that 15 modes should be inclu-
ded to obtain good results in a time-history analysis. To determine whe-

ther any of the higher modes make a significant contribution, the individual



Table 3  Modal Participation Factors

Mode No., x-direction y-direction z-direction
1 -9,91E-07 5.96E-08 -3.72E+01
2 1.02E+02 -1.70E+00 -2.85E-07
3 4.12E-07 -3.84E-06 -3.54E+01
4 5. 74E+01 -3.90E+01 1.70E-05
5 1.01E-05 -7.76E-06 -7.83E+0]
6 -2.40E+01 8.63E+00 2.75E-06
7 1.49E-06 ~2.15E-06 -1.88E+01
8 -6.52E-06 1.74E-05 -2.02E+01
9 -7.37E+00 -8.28E401 -3.66E-06

10 - -3.22E+01 -2.85E+01 -2.07E-06
1 8.26E-06 1.25E-05 -1.32E+01
12 6.46E+01 ©-1.07E+01 -1.02E-07
13 -8.22E-07 -1.52E-06 -1.34E+01
14 -2.70E-06 -3.22E-06 4.29E+01
15 1.598+01 6.49E+01 ~1.05€-08
16 7.132-06 4.75E-06 -2.01E+01
17 -6.54E-06 3.14E-05 ©1.11E+00
18 -2.20E-04 2.24E-04 1.49E401
19 1.34E+01 -5.04E+00 2.13E-04
20 3.19£-04 -1.05E-03 -4.19E+00
21 -7.20E+00 -2.31E+00 1.28E-03
22 -1.05E+01 -4, 12E+00 3.64E-03
23 -5.26E-03 5.76E-03 -4.89E+00
24 -7.43E-04 7.45E-03 -3.13E+00
25 3.09E-04 -5.76E-02 1.33E+0]




2]

modal maxima can be examined at the relevant points as indicated by the
mode shapes. Individual modal maxima from selected nodal points are
given in Table 4. See Fig. 5 for key to nodal points. The z-displace-
ment maxima are shown since this is the direction in which the earthquake
will be applied. The individual modal maxima support the evidence of the
modal participation factors that the modes below mode 15 dominate the
structural response for an earthquake applied in the z-direction. In
particular, modes 1, 3, 5, 7, 8, 11, 13, and 14 are the dominant modes.
It was concluded that the use of 15 modes in the E£1 Centro earthquake

time-history response analysis, would yield good results.
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Table 4. Individual modal maximum Z - displacements {IN)} and RMS approxima-
tion of maximum nodal displacement.

tiode No. Node 27 Node 63 Node 101 Node 169 Node 197  Node 231

1 4.23E-03 ~3.26E-02 ~-1.94E-01 - 1.23E+00 -4,83E-02 =1.47E+01
2 4.97e-12 9.07E-12 1.03E-11 -7.99E-11 -4.96E-11 4,.38E-13
3 -3.38E-02 3.10E-01 1.52E+00 -6.32E+00 ~8.30E+00 -2, 73E+00
4 1.27E-10 4,21E-10 -3,97E-11 3.93E-10 4.01E-09 6.54E-12
5 -2.22£-01 -8.65E+00 -1.64E+01 ~1.93E+00 -3.14E-M -2.01E-O1
6 4.64E-10 -1.70E-09 1.42E-G9  -5.17E-10 -2.11E-10 -6.89E-13
7 4,04E-02 1.72E-01 1. 06E-02 7.73E-01 1.61E+00 9.69E-01
8 -5,57E-01 -1.88E+QD 7.84E-01 2.38E-01 -3.15E-03 3.57€-02
9 -1.05E-09 6.95E-10 -1.83E-10 -1.32E-09 -1.29E-09  -8.712E-12
10 1.30E-09  -3.49E-10 -6.67E-10 -5.29E-10 -4.23E-10 -2.60E-12
1N -2.02E-01 -1.94E-01 2.09E-0Q1 -1.03E+00 3,99E-01 6.46E-02
12 4 .09E-11 -1.53E-11 1.91E-1 7.70E-12  -5.87E-12  -7.36C-14
13 1.08E-01 1.39E-02 -7.61E-02 -3.80E-01 -6.21E-01 2.54E+00
14 7.59E+00 -1.171E+00 4. 83E-01 -5,83E-01 2.31E-01 -3.96E-01
15 1.58E-12 4.26E-12 1.04E-12 2.96E-13 8.97E-14 -6.61E-16
16 3.84E-01 ~2.52E-01 3.48E-01 8.01E-02 2.,.66E-01 2.16E-02
17 -1.32E-02 9.30E-03 3.7%E~03 1.65E-02 -8.69£-03 4,53£-01
18 2.08E-01 -2.97E-02 1.89E-01 4.26E-01 -5.98£-01 4.56E-01
19 4,.62E~-09 2.95E-09 -8.46E-~09 4,43E-08 -1.42£-08 7.09€-10
20 2.91E-02 7.0BE-02 1.84E-01 -2.67E-02 3.31E-02  -2.62E-02
21 1.68E-08  -1.94E-08 -1.83E-08 9.22E-08  -1.43E-07 2.06E-08
22 4.14E-08  -9.57E-08 1.82E-07 2.31E-07  -5.99E-08 6.51E-08
23 1.20E-03 1.22E-02 3.51E-02 1.74E-02  -3.07E-0Q2 1.64E-02
24 5.77E-03 9.70E-03 1.75E-02 4,39€-03  -1.16E-02 3.91E-03
25 -1.55E-01 -1.55E-01 -2.68E-0] -8.67E-02 3.08E-1 -1 .05E-01
RMS 7.63E+00 8.94E+00 1.65E+01 6.08E+00 8.56E+01 1.46E+01
Max % of
RMS above 5.0 2.8 2.1 5.3 7.0 3.1

mode 15
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Earthguake Time-history Response Analysis by Mode Superposition

It was seen in eq. 15 that the response of each mode to the E1 Centro
earthquake can be calculated independently. Since the modal responses are
independent of each other, the total response of the structure at any time
"t" may be obtained by superposing the individual modal response effects
at that time. In matrix form, this superposition may be expressed:

{Ui(t)} = [¢in]{yn(t)} (21)
in which

{ui(t)} = displacement at node "i" at time "t"
[¢in3 = matrix of vibration mode shapes, arranged by columns
{yn(t)} = vector of medal responses at time “t"

The distribution of internal axial force, shearing forces, and bending
moments at time "“t" may be obtained by substituting the displacements and
rotations obtained in eg. 21 into the element stiffness matrix equations.
For truss elements, there are no rotational degrees of freedom and only
axial forces can be computed.

The purpose of the earthquake time-history response analysis is to
identify the vulnerable members of the structure and tc see what failures
the structure would sustain if it were subjected to such a strong-motion earth-
quake. This can be accomplished by examining the nodal point displacements

and the element stresses and moments.
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Results and Discussion

The analysis of a complex system results in & large amount of data. In
order to visualize the results obtained in this study, two types of graphical
presentation were utilized. The E1 Centro earthquake accelerations were in-
put in 1500 time steps, .02 seconds apart. The program, SAP 1V, calculates
the resulting nodal point displacements, element stresses, and bending mo-
ments for the 30 second duration of the earthquake at each increment of .02
seconds. The results of the calculations were saved every fourth step, i.e.,
every .08 éeconds for 30 seconds. This gives 374 results for each quantity
of interest. To obtain the overall picture, programs were written that
search through the generated data to find the maximum response of each vari-
able. The stress maxima were then used to calculate buckling and yield
ratios for the 778 members of the basic structural model. These ratios are
presented in a series of nine graphs which show the maximum axial stress
response ¢f the entire structure. In order to see how the structure responded
to the earthquake as a function of time, crucial nodal points and elements
were selected in each region of the structure and their corresponding time-
histories of nodal point displacements, element axial stresses, and bending
moments were plotted. MNodal point displacement time-histories and element
axial stress time-histories were each plotted for 8 crucial points; selected
to span the structure and give an overview of the structure's response.
Bending moment time-histories were plotted at 5 points; one at the base of
each of the 3 bents and two at the base of the tower.

[t has been observed that even small amounts of damping will reduce the
structural response sharply [Ref. 4]. The actual damping in the structure
is not known, but it is felt that the fraction of critical damping, for

structures such as the one being investigated, may fall somewhere between 1
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and 5 percent. The analysis was repeated for fractions of critical damping
equal to 1 and 5 percent in order to see the effect of viscous damping. It
was assumed that all modes have the same viscous damping coefficient.

Using the results of the response spectrum analysis, it is possible to
calculate an estimate of the axial stress in each element. These axial
stresses can then be used to caicuiate the yield and buckiing ratiocs. The
response spectrum results can be used for comparison and as a check on the

time-history axial stress calculations for the case of zero damping.

Yield and Buckling Ratigs

The maximum tensile and compressive stresses engendered in a structural
member can be conveniently characterized as to damage producing potential,
by calculating yield and buckling ratios respectively. The yield strength
for the steel in this structure was taken to be 36000 PSI. The buckling

stress, Oupes WAS calculated by

2
Oep = rr"EI/AL2 {both ends pinned)
_ 2 2 .
O = 4 EI/AL (both ends fixed)
Top ® 20.19 EI/AI_2 (cne end pinned, one end fixed)
in which

E = modulus of elasticity
I = moment of inertia in the member's weak direction
A = cross-sectional area
L = length of the member
The yield and buckling ratios for each member were then calculated as

Yield Ratio = Max ;Zgégle Stress

Max Compressive Stress

OCT‘

Buckling Ratio =
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For columns with bending moments, the axial stress and bending stresses are
superimposed to obtain the maximum tensile and compressive stresses. These
ratiocs were calculated for every structural member for each of the 3 frac-
tions of critical damping considered. The components of the structﬁre were
separated into a series of nine views., The yield and buckling ratios for
each member were then plotted adjacent to each member {see Figs. 22-57).
The yield ratios are shown as positive numbers and the buckling ratios are
shown as negative numbers. VYield ratios greater than +1.00 or buckling
ratios Tess than -1.00 imply that the corresponding structural member would
suffer permanent damage from the earthquake. It is noted that the ratios
which are shown as "zero" actually mean either 0 5 YIELD RATIO < .01, or
-.01 < BUCKLING RATIO £ 0. The corners of each section of the structure
are marked with their corresponding nodal point numbers sg that the section's
location on the structure can be easily determined (see Figs. 4 and 5),

Also shown in Figs. 22-57 are yield and buckling ratios which were
calculated from results of the response spectrum analysis. SAP IV calculates,
as part of the results of the response spectrum analysis, the maximum modal
displacements at each nodal point. These displacement maxima enable one to
calculate the maximum modé] axjal stresses in each element using

- Eal
%

in which
a, = maximum element axial stress in mode "n"
E = modulus of elasticity

Ak

change in element length
L = original element length
The total axial stress in an element can then be estimated by taking a root-

mean-square approximation of the modal maximum stresses.
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This estimate provides a check on the time-history response values for the
undamped case. The response spectrum estimate gives only a single value
which means cne must assume the tensile and compressive stresses in each
element have the same magnitude. Based on the time-history results, where
the maximum tensile and compressive stresses can be obtained separately,
this is a reasonable assumption for most elements.

The individual modal maximum strasses can be examinad to determine
which modes dominate the response at different points on the structure. The
results, for the modal maximum stresses in some selected elements which span
the structure, are given in Table 5. An examination of this table. indicates
that modes 1, 3, 7, 11, and 13 are the predominant modes in truss system ]
and that modes 3, 5, 8, and 14 are the predominant modes in truss system 2,

An examination of Figs. 22-57 shows that the stresses calculated from
the response spectrum analysis generally indicate the correct pattern of
element responses, Some of the estimates differ from the time-history values
by 30 to 40 percent, however. This indicates that the respdnse spectrum
analysis is useful for predicting trends and for obtaining approximate esti-
mates, but that the results should be used cautiously if one wishes to make
predictions,

There are several trends and conclusions that can be drawn from the
yield and buckling ratio data. The effect of viscous damping is to sharply
reduce the response. While the maximum responses were reduced over 50% for
fraction of critical damping equal to .05, the structure would still sustain
permanent damage under the action of such a strong earthquake., Buckling of

the structural members would be more of a problem than yielding. The cross-
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TABLE 5

Individual modal maximum element stresses (PSI) and RMS
approximation of maximum element stresses

Mode No. Element 74 Element 209 Element 349 Element 564 Element 619 Element 727

1 4.460E+01  2.752E+02 2.134E+03 1.154E+04 1.994E+04 2.024E+03
2 2.410E-05  1.933E-05 1.819E-05 7.398E-05 2.105E-04 6.848E-05
3 4.927E+02  1.826E+03 1.310E+04 2.853E+04 4,789E+04 1.410E+04
4 9.081E-04  6.005E-04 9,446E-04 2,014E-03 7.313E-04 7.718E-03
5 1.474E+04  1.447E+04 7.171E+04 5,116E+03 4.723E+03 1.374E+03
6 9.967E-04  A4.582E-04 1.621E-03 4.162E-04 7.695E-04 4.938E-04
7 1.777E+02 1.171E+C3 8.071E+Q2 1.068E+04 6.992E+03 1.509E+04
8 1.509E+03  1.371E+04 1.064E+04 6.897E+02 1.817E+03 1.890E+02
9 1.083E-03  3.690E-04 1.932E-04 5.965E-04 1.704E-03 1.152E-03
10 1.581E-03  1.883E-04 4.349E-04 9.070E-05 6.033E-04 4.191E-04
11 7.958E+02  1.630E+03 2.899E+03 5.051E+03 1.212E+03 7.179E+03
12 6.116E-05  8.424E-05 2.171E-05 1.537E-06 1.476E-05 4.669E-06
13 7.788E+02  7.303E+01 1.997E+02 7.584E+03 6.334E+03 2.065E+04
14 6.779E+04  3.350E+04 2.068E+04 6.591E+03 9.532E+03 4,048E+03
15 1.023E-06  1.364E-06 4 .548E-07 0. 4 ,399E-06 1.401E-06
RMS 6.940E+04  3.907E+04 7.661E+04 3.485E+04 5.384E+04 3.044E+04
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bracing members in particular, would suffer the heaviest damage, The worst
results are seen in the bents and tower especially in bent 2, Truyss system
2 shows the next worst results with truss system 1 showing the least damage.

The time-history and response spectrum results are summarized in Table 6.

Time-History Plots at Crucial Points

White it is impractical to present the time-history of every quantity
of interest, selecting crucial points and elements in each portion of the
structure will allow one to form an gverview of the structures time-history
response to the E1 Centro earthquake. At each fraction of critical damping,
0., .01, .05, the time histories of 8 nodal point z-displtacements, 8 element
axial stresses, and 5 bending moments were plotted. For each type of plot,

a key identifying the points or alements considered is provided. The key
for the nodal point z-displacements is given in Fig. 58. The horizontail
z-displacements are shown since the earthquake was applied in the z-direction
and these are the maximum displacement at each point. The key for the
element axial stress time-histories is given in Fig. 83 and the key for the
bending moment time-histories is given in Fig. 108,

These plots reveal several new characteristics of the structural response
and reinforce the observations in the previous section; The sharp reduction
in the magnitude of the responses as the viscous damping is increased is
easily seen. There is also a trend for the maximum responsas to occur earlier
in the earthquake as the viscous damping is increased. As noted in the
previous section, truss system 2 is dominated by the lower modes and truss
syétem 1 is dominated by the higher modes. This effect is seen in a gradually
decreasing frequency of response as one examines the time-history curves

from the lower end ¢of the structure to the upper end.
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Buckling and yield ratios, truss system 1: front
yiew, fraction of critical damping = .01.

Buckling and yield ratios, truss system i: front
view, fraction of critical damping = .05.

Buckling and yield ratios, truss system 1: back
view, undamped.

Buckling and yield ratios from the response spectrum
analysis, truss system 1: back view, undamped.

Buckling and yield ratios, truss system 1: back view,
fraction of critical damping = .01.

Buckling and yield ratios, truss system 1: back view,
fraction of critical damping = .05,

Buckling and yield ratios, truss system 1: roof view,
undamped.

Buckling and yield ratios from the response spectrum
analysis, truss system 1: vroof view, undamped.

Buckling and yield ratios, truss system 1: roof view,
fraction of critical damping = .01%.

Buckling and yield ratios, truss system 1: roof view,
fraction of critical damping = .05.

Buckling and yield ratios, truss system 1: floor view,
undamped.

Buckling and yield ratios from the response spectrum
analysis, truss system 1: floor view, undamped.

Buckling and yield ratios, truss system 1: floor view,
fraction of critical damping = .01.

Buckling and yield ratios, truss system 1: floor view,
fraction of critical damping = .05.

Buckling and yield ratios, truss system 2: back and
front views, undamped.

Buckling and yijeld ratios from the response spectrum
analysis, truss system 2: back and front views,
undamped.

Buckling and yield ratios, truss system 2: back and
front views, fraction of critical damping = .01.
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Buckling and yield ratios, truss system 2: back and
front views, fraction of critical damping .05.
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Buckling and yeild ratios, truss system 2: roof and
floor views, undamped.

Buckling and yield ratios from the response specirum
analysis, truss system 2: roof and floor views, undamped.

Buckling and yield ratios, truss system 2: roof and
floor views, fraction of critical damping = .01.

I

Buckling and yield ratios, truss system 2: roof and
floor views, fraction of critical damping = .05.

Buckling and yield ratios, bents 1, 2, and 3, undamped.

Buckling and yield ratios from the response spectrum
analysis, bents 1, 2, and 3, undamped.

Buckling and yield ratios, bents 1, 2, and 3, fraction of
critical damping = .01.

Buckling and yield ratios, bents 1, 2, and 3, fraction of
critical damping = .05.

Buckiing and yield ratios, tower: end views, undamped.

Buckling and yield ratios from the response spectrum
analysis, tower: end views, undamped.

Buckling and yield ratios, tower: end views, fraction
of critical damping = .01.

Buckling and yield ratios, tower: end views, fraction
of ¢ritical damping = .05.

Buckling and yield ratios, tower: front and back views,
undamped.

Buckling and yield ratios from the response spectrum
analysis, tower: front and back views, undamped.

Buckling and yield ratios, tower: front and back views,
fraction of critical damping = .01.

Buckling and yield ratios, tower: front and back views,
fraction of critical damping = .05.

Key to nodal point z - displacement time-histories.
Z - displacement time-history at node 27, undamped.

L - displacement time-history at node 27, fraction of
critical damping = .01.

Z - displacement time-hsitory at node 27, fraction of
critical damping = .05.
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Key to element axial stress time-histories.

Axial stress time-history in element 4, undamped.

Axial stress time-history
critical damping = .C1.

Axial stress time-history
critical damping = .05.

Axial stress time-history

Axial stress time-history

of critical damping = .071.

Axial stress time-history
critical damping = .05.

Axial stress time-nistory

Axial stress time-history

of critical damping = .01.

Axial stress time-history

of critical damping = .05.
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of critical damping = .01.
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of critical damping = .05.
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Axial stress time-history

of critical damping = .01.
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Key for bending moment time-histories.

Eending moment time-history at node 39, undamped.

Bending moment time-history
of critical damping = .01.

Bending moment time-history
critical damping = .05.

Bending moment time-history

Bending moment time-history
of critical damping = .CI.

Bending moment time-history
of critical damping = .05.

Bending moment time-history

Bending moment time-history
of critical damping = .01.

Bending moment time-history
of critical damping = .05,

Bending moment time-history

Bending moment time-history
of ¢ritical damping = .01.

3ending moment time-history
of critical damping = .05.

Bending moment time-history

Bending moment time-history
of critical damping = .01.
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Figure 2

Description of a general three-dimensional beam finite element.
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™X (LOCAL COORDINATES)

Figure 3

Description of a general quadrilateral plate finite element in the three-
dimensional space.
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440 Hz.

First vibrational mode, Frequency
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.576 Hz.

Second vibrational mode, Frequency
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Figure 10
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1.059 Hz.

Fifth vibrational mode, Frequency
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Figure 11

1.268 Hz.

Sixth vibrational mode, Frequency
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Figure 12

Seventh vibrational mode, Frequency = 1.299 Hz.
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Figure 13

1.354 Hz.

Eighth vibrational mode, Frequency
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Figure 15

Tenth vibrational mode, Frequency
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Figure 16

Eleventh vibrational mode, Frequency = 1.612 Hz.
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Figure 17

1.709 Hz.

Twelfth vibrational mode, Freguency
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Figure 18

Thirteenth vibrational mode, Frequency = 1.794 Hz.
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Figure 19

Fourteenth vibrational mode, Frequency = 1.897 Hz.
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Figure 20

Fifteenth vibrational mode, Frequency'

2.079 Hz.
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Figure 28

back view, fraction of critical damping = .01.

Buckling and yield ratios, truss system 1
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Figure 38

back and front views, undamped.

ng and yield ratios, truss System 2:
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Figure 42

roof and floor views, undamped.

Buckling and yield ratios, truss system 2
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Figure 43

Buckling and yield ratios from the response spectrum analysis, truss system 2

roof and floor views, undamped.
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Figure 58

Key to nodal point z - displacement time-histories.
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Figure 83
Key to element axial stress time-histories.
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