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SUMMARY

This paper describes experimental and analytical dynamic seismic analysis of the Imperial Irrigation District’s
Unit No. 4, located in El Centro, California, under the effects of the October 15, 1979 Imperial Valley Earth-
quake. The experimental work consisted of a shake table study using a scale acrylic model of the support
structure and the boiler, which included the representation of non-linearities due to gap effects. The analytical
work involved a simulation study using a three-dimensional linear finite element structural model coupled
with a lumped parameter soil represenatation, and accounted for soil-structure interaction. Results of these
studies and their correlation with the actual earthquake damages are presented.

INTRODUCTION
The El Centro Power Plant is located at approximately 26 km (16 miles) from the epicenter of the earth-
quake that rocked the Imperial Valley on October 15, 1979. As a result of this earthquake, with a magnitude
of 6.6, the plant’s Unit No. 4 boiler suffered some minor structural damage. The damage, however, did not
interfere with the normal operation of the unit; service was restored within two hours of the event. The ground
motions at the site were accurately recorded and documented by the U.S. Geological Survey (U.S.G.S)'.

The event coincided with a then-beginning development effort by the authors to develop reliable and prac-
tical dynamic seismic analysis procedures applicable to the routine design of boiler structures. Dynamic seismic
analysis, the norm in other major areas such as nuclear power plant or chemical plant design, had not so
far been adopted by the boiler industry as a routine analysis tool. The literature on this subject is rather scarce,
although some of the available works?,> have covered its main analytical aspects quite comprehensively. Previous
efforts had not included, however, experimental confirmation of the selected modeling approaches, nor the
effects of soil-structure interaction.

In this context, the availability of high-quality ground motion records of the above-mentioned earthquake
presented an exceptional opportunity for correlating the results of a simulation analysis, with the damages
caused to the actual structure by the earthquake.
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DESCRIPTION OF THE EL CENTRO UNIT NO. 4
Structual Characteristics

El Centro Unit No. 4 is an oil- and gas- fired, top- supported steam generator. The structure was designed
for a seismic lateral loading of 0.2 of the gravity loads, using the conventional psuedo-static force method.
The main, structurally distinct, components of the unit are the steam generator (boiler), the support structure,
the foundation and the adjacent turbine building (Figure 1).

The steam generator is suspended from its support structure by an array of vertical suspension rods. The
internal boiler structure consists mainly of tube walls, which provide axial and shear stiffness. The walls are
tied at various elevations by horizontal moment frames, or buckstays, which provide transverse restraint to
the wall tubes against furnace pressures, while also serving as seismic load resisting elements. Seismic guides,
located around the boiler at the buckstay elevations, provide lateral restraint to the boiler against lateral
displacements. These guides typically consist of short cantilevered beams, with one end attached to either the
buckstays or the support structure, and the other free to move vertically and axially between lateral stops,
with a typical gap of 1.6 mm (0.06 in) on each side.

The support structure is a 29 m (88 ft) tall, bolted steel braced frame. It consists of a box formed by four
main vertical braced frames, located around the boiler, two lateral unbraced auxiliary frames, and two smaller
rear frames. Horizontal trusses at various elevations carry the horizontal floor loads into the main vertical
frames.

A continuous, raft-type foundation, consisting of an 3.625 m (11 ft) deep reinforced concrete box with inter-
nal walls, extends under both the boiler support structure and the adjacent turbine building. The turbine building
and the support structure are not structurally connected in any way other than by the common foundation
mat. The foundation rests on deep alluvial deposits, consisting mainly of clays with layers of loam and fine sand.
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Figure 1~ Unit No. 4 General Arrangement
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{Unit: Hz)

Mode Experimental Calculated
Value Value
1st Bending Mode 23 2%
in N-8 Direction
FREE TYPE
2nd Bending Mode
63 6
in N-S Direction 0
1st Bending Mode 20 23
in N-S Direction
FIXED TYPE
2nd Bending Mode 54 58

in N-8 Direction

Table I  Comparison of Experimental and Calculated Frequency

Earthquake Damages

As a result of the earthquake, some of the bracing members of the main vertical frames and the suspension
level horizonal trusswork buckled; the permanent transverse deflection in some of these members reached
approximately 10 cm (3.94 in). In addition, most of the seismic guides suffered some degree of permanent
deformation, either by bending or localized buckling. Dye-penetrant tests of the welds at the boiler walls showed
no signs of cracks, indicating that the damage was confined to the seismic guides themselves. Figures 2 and
3 show a buckled bracing member and a bent seismic guide, respectively. Some piping and equipment damage
also occurred, but their investigation was beyond the scope of this work. The equipment damage and the
analytical study of the equipment response have been previously discussed®.

Figure 2 Buckled Diagonal



MODELING CONSIDERATIONS

The nature of the boiler suspension system and seismic guide arrangement present significant modeling com-
plexities. The main consideration when selecting the modeling approach was to be able to obtain the detailed
response of the support structure; the response of the boiler was only of interest at its points of interface
with the structure. The authors considered the internal response analysis of the boiler to be in itself sufficient-
ly complex to warrant specific treatment in future efforts.

While it was considered essential that the model be as realistic as possible, practical considerations forced
some simplifications. The large number of suspension rods made it impractical to model every one individual-
ly; therefore, they were modeled using a reduced set of rods of equivalent properties. Another simplification
involved the modeling of the turbine building. Due to the lack of detailed data regarding its structure, only
a very coarse representation of it was possible. This was found acceptable because the boiler structure and
the turbine building are not connected, except through the foundation.

An area which needed particular attention was the modeling of the boiler-structure interface. Because of
the seismic guide gaps, the boiler-support structure system is dynamically non-linear. For practical reasons,
however, it was desirable to use a linear representation. To determine if a linear model would be sufficiently
accurate, the dynamic effects of the seismic guide gaps were studied experimentally.

Figure 3 Damaged Seismic Guide

EXPERIMENTAL STUDY
Test Model Description

The experimental study was conducted on a scale model of the boiler and the support stucture, subjected
to base excitation on a shake table. The experimental model, Figure 4, was made of acrylic resin, to a scale
of approximately 1/25 of the actual structure.

The model of the support structure, standing 1170 mm (46 in) and weighing 8 kg (176 1b), consisted of
prismatic and laminar elements representing the main structural members and horizontal trusses, respectively.
The boiler was modeled using plates for the boiler walls and beams to simulate the buckstays; weighted bars
represented the boiler mass. The boiler model, with a height of 900 mm (35 in) and a weight of 4 kg (8.8
Ib) was suspended from the support structure by four rods. The boiler seismic guides were all included in
the model, and were built so that they could be modified or removed for the testing of different gap effects.
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As input to the shake table, artificial waves were generated that simulated the north-south component of
the ground motions. The digital-to-analog synthesis process accounted for the natual frequency scaling of
the model and resulted in ten waves that had, accordingly, higher frequency and shorter duration than those
of the actual earthquake. The maximum amplitude of the artificial waves was 0.9 g (0.03 oz) and their dura-
tion was approximately 3 seconds. Figure 5 shows the response spectra for both the artificial seismic waves

and the actual ground motion.

Figure 4

Test Model

FIXED TYPE FIXED TYPE FREE TYPE FREE TYPE
with with
Gap Damping | Gap Damping
SUPPORT GAP TYPE H
STRUCTURE | GAP TYPE Ii 2nd Mode GAP TYPE |
1st Mode = (@D = 83) 2nd Mode
(/D = 0.25) GAP TYPE | (@D = 33)
1st Mode
{d/D = 10}
FIXED TYPE FIXED TYPE FREE TYPE
with with
Gap Damping Transmission of Energy
BOILER
GAP TYPE Il | GAP TYPE i GAP TYPE |
ist Mode 2nd Mode 1st Mode 2nd Mode
@D = 0.25) (d/D = 0.83) d/C = 10} (d/D = 33)

note d. gap size
D: average relative displacement

Table II  Gap Effects on Vibration Types
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Figure 5 Response Spectra of Seismic Inputs

Study of Seismic Guide Gap Effects

The effects of the seismic guide gaps on the dynamic response of the test model were evaluated by studying
the model behavior under various gap conditions, and then simulating the same response using a finite ele-
ment representation of the test model to perform detailed response calculations. The finite element model
consisted of a three-dimensional representation of the support structure, coupled with a rigid body-lumped
mass representation of the boiler. The experimentally and analytically calculated natural frequencies of the
test model are shown in Table 1. By modifying the seismic guide settings in the test model, the coupled boiler-
support structure response was studied for the following seismic guide conditions:

1-FREE TYPE : Seismic guides removed

2-FIXED TYPE : Seismic guides with no gap

3-GAP TYPE 1 : Seismic guides with 2 mm (0.08 in) gap
4-GAP TYPE 11 : Seismic guides with 0.05 mm (0.02 in) gap

The response accelerations of the test model to the seismic wave input were recorded at various locations.
From these, the model acceleration transfer functions were calculated and compared for the four different
seismic guide conditions listed above. Figures 6 and 7 show the transfer functions at the top of the structure
and top of the boiler, respectively. It can be seen from these curves that, for the range of frequencies of in-
terest, below 30 Hz., the response for GAP TYPE I approximates that of the free type. Also, for the same
frequency range, the response for GAP TYPE II is equal to or lower than that of the fixed type.
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Figure 6  Transfer Functions of Support Structure

The ratio of gap size, d, to relative displacement D, was used as the criterion to establish a vibration type
classification. After studying the value of this ratio for the test model, it could then be determined whether
the response of the structure for the modes of interest could be indeed approximated by a linear representa-
tion, i.e. FIXED TYPE. Table II shows the vibration type classification as a function of the d/D ratio values
calculated for the test model of the boiler and support structure. The values of D were obtained as the average
of the relative displacements between the boiler and support structure at each seismic guide level. The response
was calculated for the FREE TYPE condition using the finite element model, excited with the spectrum shown
in Figure 5.

Application of the Test Results

To correlate the response of the actual structure with that of the experimental model, the d/D ratios were
calculated for the analytical model described below, with FREE TYPE seismic guide conditions. The d/D
ratios for the most significant modes, listed in Table IV, were found to be less than 0.25.

Since it was shown for the test model that for d/D ratios of 0.25 the response approximates FIXED TYPE
conditions, it was concluded that the seismic guide gaps could be neglected for the purpose of determining
the overall response of the coupled boiler-structure system. This simplification, however, implied that the
response loads on the seismic guides themselves could not be directly obtained from the overall system analysis.
While the present work did not include a detailed analysis of seismic guide loads, the authors recognize the
need for follow-up work, in which the seismic guides are analyzed in detail, accounting for their non-linear
nature.

ANALYTICAL SIMULATION

Having discussed in previous sections the principal problems associated with modeling the system, the main
characteristics of the model of the actual structure used in the analytical response analysis are briefly de-
scribed below:



The model of the boiler-support structure consisted of beam and truss finite elements. Nodes were placed
at all main joint locations and in coincidence with the boiler seismic guides. All vertical bracing was included,
while the horizontal trusses were simplified to avoid non-essential degrees of freedom in the analysis. The
seismic guides were modeled using beam elements with the proper end reaction releases, to simulate the horizontal
shear-only restraint offered by the guides.

The boiler model was limited to a lumped mass-rigid element representation. The masses, placed at the seismic
guide location, reflected the boiler mass distribution.

The continuous, box-type foundation lent itself to a rigid body representation, with nodes at the column
bases under the boiler, and at the corners under the turbine building. The soil was modeled by springs represen-
ting the soil’s translation and rotation stiffnesses. Because the analysis was to be done in the time domain,
only the frequency independent static stiffness coefficients were used. Based on the results of a free field site
response analysis, the soil shear modulus was reduced 5% for horizontal deformation and 40% for vertical
deformation from its static value, to calculate the stiffness coefficients.

The dynamic response of the model was calculated in the time domain by the modal superposition method.
Table V shows the natural frequencies and predominant direction of motion of the five most significant modes
included in the analysis. The model was subjected to a base excitation consisting of the three components
of ground acceleration, applied simultaneously. From the free field soil response analysis, mentioned previously,
it was found that variation between the ground motions at the surface and those at the base of the foundation,
located at a depth of 3.3 m (10 ft) were negligible. Thus the surface ground accelerations were applied to
the model without modification due to depth variation.

Mode Main Vibration Average Relative Ratio ‘ . . N
i M F H .
No. Direction Displacement D {mm} d/D | ode requency (Hz) Direction (Fig. 8)
? 4
1 N-S 76.0 0.020 E . . NS
2 EW 440 0.036 ) 0 Ew
3 NS 65 0-250 3 1.72 Vert.
4 . | X
N-S 230 0.070 4 2.08 Torsion
l 5 W 7.9 0.200
N-S North-South Direction E-W East-West Direction
Table III  Ratios d/D for El Centro Unit No. 4 Table IV Analytical Model Natural Frequencies
Note: Gap Sized = 1.6 mm.
Level Axial Load/Buckling Load
(From bottom )
to top) c=10 | c=15 C=20 C=30 C=40
1 1.19 0.99 0.83 0.77 0.67
2 1.42 1.22 1.00 0.93 0.81
3 0.95 0.79 0.67 0.62 0.54
4 1.46 1.27 1.00 0.93 0.82
5 2.23 1.87 1.38 1.28 1.1
g (") 2,67 2.43 1.83 1.70 1.49
7 2.74 2.73 1.64 1.54 1.29

(1) Level where bracing was permanently buckled.

Table V. Ratio of Calculated Axial Load to Buckling Load for Bracing Members on Rear Main Frame
(¢ = % of critical damping)
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Figure 7  Transfer Functions of Boiler

The method of analysis required that uniform damping be applied to all modes, precluding the use of dif-
ferent soil and structural damping ratios. This limitation is usually overcome by computing a theoretical com-
posite damping value that accounts for the relative modal contributions. In this study, because it was desired
to approximate the actual building response rather than to produce conservative design loads, damping was
chosen as a parameter and given arbitrary values from 0 to as high as 40%. The results for high damping
values agree best with the observed effects of the earthquake, suggesting a highly damped response of the
actual structure. Table V lists the ratio of actual load to critical buckling load, P/Pcr, for the bracing members
of the rear main frame; the bracing in the 6th level of this frame had suffered a large permanent deformation
during the earthquake.

CONCLUSIONS

The main aspects of the analytical modeling and experimental verification of a suspended boiler and its
support structure were discussed, although the authors recognize the need for further investigation into the
detailed modeling and analysis of boiler internals.

Soil structure interaction effects were taken into account. It should be noted, however, that the combina-
tion of soil and foundation characteristics of the El Centro Unit No. 4, which made simplified lumped parameter
representation feasible, is uncommon. In general, the modeling of soil structure interface will be more complex.

Finally, this effort showed that dynamic analysis can be practically implemented and can reasonably predict
earthquake loads on suspended boiler support structures, even under the constraints of standard analysis
techniques.
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