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SIMULATED SEISMIC TESTS ON 1/42- and 1/14-SCALE CATEGORY I,
AUXILIARY BUILDING

by

Joel G. Bennett, Richard C. Dove, Wade E. Dunwoody,
Eiton Endebrock, Charles R. Farrar, Peggy Goldman

ABSTRACT

Two scale-model structures representing an idealized
auxiliary building were seismically tested. The scales
(1/42, 1/14) were chosen so that both structures were models
of the prototype, and the 1/42-scale model was a 1/3-scale
model of the 1/14-scale structure. Both models were con-
structed out of microconcrete. The 1/42-scale used wire
mesh to simulate reinforcing, and the 1/14-scale used model
deformed bars. The general result verified previous test
experience in this program: the frequency response of these
structures, when subjected to seismic design loads, will be
below that predicted for the structure using conventional
analysis methods. This implies the frequency content and
magnitude of floor response spectra, in general, will not
be as predicted from the structural analysis. The implica-
tion of this result for equipment and piping is under in-
vestigation. The recommendation of this program, based on
testing thus far, is to verify the conclusions on larger
real concrete structures of a geometry that will be agreed
upon by the technical review group for this program.

I. INTRODUCTION

The Seismic Category I Structures Program currently being carried out at
the Los Alamos National Laboratory is sponsored by the Structural and Seismic
Engineering Branch, Division of Engineering, of the U. S. Nuclear Regulatory
Commission (NRC). This project is part of a program designed to increase con-
fidence in the assessment of Category I nuclear power plant structural behavior
beyond the design limit. The project is focused on answering questiops regard-
ing safety issues that may arise when existing nuclear facilities are subjected




to higher seismic loads than those considered in their original design. The
program involves the design, construction, testing, and analyses of reinforced
concrete models of auxiliary buildings, fuel-handling buildings, etc. The
program does not include the reactor containment building. The overall goal
of the program is to supply to the Nuclear Regulatory Commission experimental
information and a validated procedure to establish the sensitivity of the dy-
namic response of these structures to earthquakes of magnitude beyond the de-
sign basis earthquake. The main purposes of the experimental program are (1)
to obtain general information on how these structures behave in the inelastic
range as compared with their behavior in the elastic range, (2) to provide
stiffness and damping values for more demanding loadings on structures, (3) to
identify changes in floor response spectra (used in design of systems and com-
ponents) as the structures are loaded into the inelastic range, and (4) to
provide experimental data for benchmarking inelastic structural analysis codes.
More information on the background of this program is found in Ref. 1. Infor-
mation on current program planning can be found in NUREG-1147, Rev. 1, Seismic
Research Program Plan--Appendix C.

During FY 82, preliminary experiments were conducted on small, reinforced-
concrete isolated shear walls (Fig. 1) that had been identified as the most
jmportant element in the Category I structures in this program. These prelim-
inary experiments are reported in detail in Ref. 2.

The transition of the testing of isolated shear walls to small-scale
structures began in FY 83. The structures were models of a prototypical
Category I, isolated, two-story, diesel generator building. The shape and
dimensions of the assumed prototype structure are shown in Fig. 2, with the
dimension of two scaled models of this structure. These 1/30- and 1/10-scale
models were tested during FY 83 and FY 84 and the results of these tests are
presented in Ref. 3.

During early FY 85, attention was focused on a prototypical Category I,
auxiliary building. Two scale models (1/42- and 1/14-scale) of this structure
were constructed and tested. These scales were chosed so that wall thickness
was the same as that of the diesel generator building model. Also, this
configuration provided insights into the effects of different aspect ratio and
number of floors. The shape and dimensions of the assumed prototype structure
are shown.in Fig. 3,with the dimensions of the two scaled models. This report
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Fig. 1. Isolated shear wall structure.

covers (1) the construction of these models, (2) the test program, (3) analysis
of the structures, (4) analytical and experimental results, (5) discussion of
how these experimental results compare with the results from previous tests on
1/30- and 1/10-scale, two-story structures, (Ref. 3), and (6) additional exper-
iments.

II. CONSTRUCTION OF MODEL STRUCTURES

The two structures tested were small-scale models of a prototypical
Category I, auxiliary building. The shape and dimensions of the assumed proto-
type structure are shown in Fig. 3, with the dimensions of the two scaled
versions of this structure.

The model structures were constructed using a microconcrete having the
properties given in Table I.
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*BASE NOT INCLUDED
NOTE: 1in. =254 mm, 11t =0.305m, 11b=445N

Fig. 2. Two-story building: models and prototype.

In the 1/42-scale model, the reinforcement consisted of 1/2-in. welded,
(nonwoven), square mesh hardware cloth at each wall surface. This resulted in
0.28% reinforcement in each direction, on both wall surfaces. The 1/14-scale
model was reinforced using a deformed model reinforcing rod obtained from the
Portland Cement Association (PCA designation D-1-1). This rod was tied in a
1.0-in.-square mesh and was placed at each wall surface to give the same per-
centage reinforcement as was used in the 1/42-scale model.

The nominal reinforcement material properties are shown in Table II.

Regardiess of scale, the sequence of model construction was the same. The
base slab was cast with reinforcing wires or with bars embedded into the slab
at the wall locations, and the base slab concrete was roughened where the walls
would join the base. After the base slab had hardened, the reinforcing and
the forms for the first-story walls and ceiling were put in place. Next, the
microconcrete was placed and tamped and/or tamped and vibrated. The second-
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and third-story construction was similar to the first story. After casting,
the 1/42-scale model was placed into a moist chamber for 28 days of curing.
The 1/14-scale model was wrapped in plastic during the curing period because it
was too large for the moist chamber.

Figure 4 shows the 1/42-scale structure during construction; the base mat
has been cast, the reinforcement has been assembled, and the inside and outside

h R, KR W |H,, Hy Hy | WE/STORY* (Ib)
1/42 SCALE 1in. 26 in. 10 in. 140
1/14 SCALE 3 in. 78 in. | 30.n. 3780
PROTOTYPE 42 in. 1092 in.| 42 in. 10,372,000

*BASE NOT INCLUDED

Fig. 3. Three-story auxiliary building: models and prototype.

TABLE I
MICROCONCRETE PROPERTIES

1/42-Scale Models 1/14-Scale Models
Measured Property Values (1-in.-thick wall) (3-in.-thick wall)
Ultimate compressive strength, f; 2900 psi 3320 psi
Tensile strength, ft 380 psi 379 psi
Modulus of elasticity, E 2.7 x 106 psi 2.8 x 106 psi




Measured Property Values

TABLE II
REINFORCING PROPERTIES

1/42-Scale Models
(1-in.-thick wall)

Wire diameter

Yield stress

Ultimate tensile strength
Modulus of elasticity
Elongation

0.042 in.
42,700 psi
53,100 psi

25.6 x 10% psi

4%

1/14-Scale Models
(3-in.-thick wall)

1.113 in.
42,400 psi
50,000 psi
28.5 x 10% psi

13.1%

Fig. 4. 1/42-scale structure under construction.

forms (plexiglass) are in place.

Figure 5 shows the 1/14-scale structure dur-

ing construction. The base and first story have been cast and the forms
(marine plywood) stripped, and the second-story reinforcement and inside forms

are in place.

How these structures were scaled so as to appropriately model the proto-
type is discussed in Appendix A, "Scaling of the 1/42- and 1/14-Scale
Structures.” Scaling considerations for this program are, in general,

detailed in Ref. 4.




Fig. 5. 1/14-scale structure under construction.
ITTI. EXPERIMENTAL PROGRAM

A. 1/42-Scale Structure

The 1/42-scale structure was transported from the Los Alamos National
Laboratory to Sandia National Laboratory (SNL) by Los Alamos personnel on
August 15, 1984. Before the structure was mounted on the SNL electrodynamic
test facility,* Sandia personnel programmed their shaker control for the speci-
fied base acceleration vs time input signal. This acceleration vs time signal
(supplied by Los Alamos in digital form) was a zero-corrected** record of 16
seconds duration of the 1940, El Centro, N-S earthquake, time-scaled by a
factor of 14.24.*** The signal duration was

16
1a.24 = 1123

* See Appendix B for a description and specifications of the SNL test
facility.

**  The base line acceleration is corrected so that the final velocity
(computed as [adt) is zero.

**%*  See Appendix A.




Before mounting the 1/42-scale structure, the test facility was evaluated
by mounting lumped masses on the table and by applying the desired test signal
at progressively larger peak acceleration levels. The lumped masses attached
to the shaker table are shown in Fig. 6. The total mass added weighed 1924
1b ; this compares with a total weight of 1985 1b for 1/42-scale, with the
masses that were attached to it during the final test. The facility was found
to be capable of reproducing the command signal with a high degree of fidelity
over the entire range from 1 g to 9 g maximum peak acceleration. Note, how-
ever, that this test mass was a noncompliant structure as compared with the
1/42-scale model, and the center of gravity was lower in these trial runs.

Following the evaluation of the test facility, the 1/42-scale structure
was mounted on the shaker table, as shown in Fig. 7. Accelerometers were
mounted on the structure (Fig. 8). In this condition ("bare," i.e. no mass
added to the structure), the structure was subject to pulses of lTow-level,
broad band excitation (+ 0.5 g peak, O - 1000 Hz). MWith a bare model, and
with Tow level, broad-band excitation, the modal frequencies can be determined
with a minimum of structural damage. These measured modal frequencies can
then be compared with the values predicted by theoretical analysis and with
those obtained from similar tests on the 1/14-scale structure. Following these
bare model tests, masses were added at each story level to model the effect of
the distributed mass of the prototype. Figure 9 gives the values of the added
masses and Fig. 10 shows the structure, with masses attached mounted on the
shaker table at SNL. Accelerometers were mounted on the structure as shown
(Fig. 11). 1In this condition (masses added to simulate prototype distributed
mass), the structure was subjected to a series of tests (Table III). These
tests were conducted to determine how the structure modal frequencies are
affected by increasing levels of seismic excitation. The results of these
tests will be compared with the results from similar tests on the 1/14-scale
structure and with tests previously performed on two-story structures.

B. 1/14-Scale Structure

The 1/14-scale structure was transported to the Construction Engineering
Research Laboratory (CERL) located at Champaign, Il1linois, by commercial
freight and arrived on November 28, 1984. Before the structure was mounted on




Fig. 6. SNL shaker evaluation. Fig. 7. 1/42-scale structure mounted

on the SNL shaker.
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Fig. 8. Location of accelerometers: 1/42-scale, bare model test.
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Fig. 9. Masses added to simulate distributed mass in the prototype.

ig. 10. 1/42-scale structure, with masses added, mounted on the SNL shaker.




: ~8F, :
W, =0 BW,
: BF,g :
W, ~d BW,
: OF,g :
w,~d BW,
[ "ﬁb1 |
SOUTH SIDE
Fig. 11.

F
s \Fon
FWS*'D ] Ws
28 FfZN
W2<-{] I:st
Fis
<—& l:ls1 1N
w, W
B‘t . -] 1”7 4
e

Location of accelerometers: 1/42-scale, masses-added test.

TABLE III

TEST SEQUENCE 1/42-SCALE STRUCTURE, MASSES ADDED, TESTED AT SNL

Test No.

02KW
O3W
04K
O5W
O6W
O7W
08W
OSNW
TOW
1TW
12W
13K
14K
15W

Test Signal

0.17-g random, to established system trans. function

+
0.50-peak; simulated

+ 0.34-g white noise

1.0-g peak; simulated
repeat of 04KW

2.0-g peak; simulated
repeat of 04W

3.0-g peak; simulated
repeat of O4W

4.0-g peak; simulated
repeat of 04K

5.0-g peak; simulated
repeat of O04W

6.0-g peak; simulated
failure at base

seismic
burst (0.6-s duration)
seismic
seismic
seismic
seismic

seismic

seismic final test, shear

1




the CERL servohydraulic test facility,* the facility was evaluated by attaching
a total of 25,780 1b of dead weight to the table (the weight of 1/14-scale
structure, with attached masses) and by driving the system with the accelera-
tion vs time signal supplied by Los Alamos. This signal is the zero-corrected,
1940, E1 Centro, N-S earthquake time history of 16-s duration scaled by a fac-
tor of 8.22, i.e. the signal duration was 16/8.22 = 1.95 s. During these dead-
weight tests, using this input signal, the table was driven to a peak acceler-
ation of approximately 12 g. This was judged to be adequate for the tests on
the 1/14-scale structure.

Following this evaluation of the test facility, the 1/14-scale structure
was mounted on the shaker table. Accelerometers were mounted on the structure
(Fig. 12). 1In this condition ("bare" i.e. no masses added to the structure),
the structure was to be subjected to pulses of low-level, broad-band excita-
tion. Unfortunately, before this test could be conducted, the test facility
suffered an uncontrolled 1oss in hydraulic pressure (probably due to excessive
oil temperature) and the table lurched from near mid-position to the end stops.
This subjected the structure to a base acceleration pulse of large, but un-
known, magnitude. Following this uncontrolled pulse, the structure was rein-
spected (visually) and cracks were observed in the first-story walls near the
base. Data were not being recorded during this excursion; however, prior to
the excursion, data from the accelerometers were being recorded while the fa-
cility was being exercised to warm up the hydraulic fluid. This input signal
(0.2 Hz sinusoidal motion, on which was a superposed 60-Hz noise) that produced
a peak-to-peak acceleration input at the base of 0.23 g, was used to compute
transfer functions and to determine the modal frequencies of the structure
before the accidental, and damaging, table excursion occurred.

After this accidental table excursion, the model was known to be damaged
(from the visual inspection), but because the extent of the damage was unknown,
it was decided to continue with the test program as originally planned. As a
result, a random motion test was made on the bare model.

The appropriate masses to simulate the distributed mass of the proto-
type, were attached to the structure (Figs. 9 and 13). Instrumentation

* See Appendix B for a description and specifications of the CERL test facility.
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Fig. 12. Location of accelerometers: 1/14-scale, bare model test.

Fig. 13. 1/14-scale structure, with masses added, mounted on the CERL shaker.
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(displacement transducers and accelerometers) was installed, as shown in

Fig. 14. During the CERL system start-up procedure for these tests, opera-
tional difficulties were again experienced and 3 unintentional table excursions
(bumps against the table stops) occurred. Data from all channels were being
recorded during this start-up procedure; as a result, the magnitude of input
acceleration and response due to these unintentional loadings is known. Fig-
ure 15 shows the base acceleration vs time input pulse due to the second set
of unintentional table excursions. These were relatively high-magnitude loads
(2.1-g peak acceleration at the base), and analysis of the data recorded during
these excursions showed that they caused additional damage to the structure.
After a one-day delay, during which the CERL operators undertook modification

FIRST FLOOR SLAB
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SOUTH SIDE

Ne——=S

WEST SIDE

Fig. 14. Location of accelerometers: 1/14-scale, masses-added test.
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Fig. 15. Base acceleration caused by unintentional table excursion.

of the facility, the system was successfully restarted and simulated seismic
tests at nominal levels of 0.5, 1.0, 2.0, 3.0, and 4.0 g were conducted on the
already damaged structure. At the 4-g level and above, it was found that the
facility was incapable of generating the desired test pulse, because the over-
turning moment 1imit was exceeded and the system would shut down at mid-pulse.
Calculations showed that the actual overturnings moment was about 20% of the
manufacturer's specified 1imit. At this point, testing was discontinued and
the CERL personnel called in the manufacturer's (MTS) representative to analyze
the system's problems.

IV. ANALYSIS

While the 1/42- and 1/14-scale structures were being tested, the basic
structure was analyzed using standard modal analysis techniques with a 3
degree-of-freedom, lumped-mass idealization of the structure. The details of
this calculation (calculation of moments-of-inertia, stiffness, masses, and
the solution of the equations of motion) are given in Appendix C. The results
of "the analytical investigation are compared with the experimental results in
the following section of this report.

15




V.  RESULTS

A. 1/42-Scale Structure

The 1/42-scale structure was subjected to low-level bursts of random
input before masses were attached to determine the structure modal frequencies
in a as nearly-virgin condition as possible. The results of this test are
given in Table IV, which shows the measured modal frequencies (f], f
f3) together with the values computed using the method explained in
Appendix C.

These measured values of modal frequencies are compared with the computed
values in Table V. Further, assuming that modal frequency is proportional to
the square root of the stiffness (K), the effective stiffness is compared with
the computed stiffness. These ratios of Kmeasured/Kcomputed appear to be

consistent with the values for "reduction in stiffness" that we observed in
2,3

2’

previous tests.

TABLE IV
DATA SUMMARY 1/42-SCALE STRUCTURE

Modal Frequency (Hz)

Model Test Measured Computed
Condition No. Description f1 f2 f3 f1 f2 f3
I. Bare II + 1-g random 187 605 910 435 1185 1705

0-1000 Hz
II. Masses O02W + 0.17-g random 80 236 327 156 425 609
added 0-500 Hz

O3W Simulated 0.5-g pk. 79 235 330
Seismic

O5W  Simulated 1.0-g pk. 78 231 NA
07W  Simulated 2.0-g pk. 73 221 NA
094 Simulated 2.9-g pk. 69 222 NA
114 Simulated 6.2-g pk. 60 197 NA
130 Simulated 6.7-g pk. 47 205 NA
15W  Simulated 10.7-g pk. <30 NA NA

16




Following these bare model tests, masses were attached to simulate the

distributed mass in a prototype structure.
was first subjected to a low-level random excitation.

In this condition, the structure
Following this, it was

subjected to a series of simulated seismic events of increasing peak
acceleration. The results of these tests are also presented in Table IV.The
model failed, by cracking, where the first story walls joined the base, during

test number 15H.

With mass added, the measured modal frequencies can again be compared with

computed values.

This has been done for the first test (no. 02W, when the

structure is presumedly in a near-virgin condition) in Table V. Here again,

the "reduction in stiffness" observed is consistent with previous findings.
The seismic test data shown in Table IV have been plotted in Fig. 16. In

this plot, the observed first-mode frequency and the peak base acceleration

TABLE V

COMPARISON OF MODAL FREQUENCIES AND STIFFNESS

A. Bare
Modal Freq. (Hz)
f] , f2 . f3
Meas. 187, 605, 910
Comp. 435, 1185, 1705
B. Mass Added
Modal Freq. (Hz)
fi. T 3
Meas. 80, 236, 327
(test O2W)
Comp. 156, 425, 609

(1/42-SCALE STRUCTURE)

f meas.
f comp.

0.43, 0.51, 0.53

f meas.
f comp.

0.51, 0.56, 0.54

K meas. /f measfi
K comp. ~\f comp.

0.18, 0.26, 0.28

2
K meas. (f measa
K_comp. '(f comp

0.26, 0.31, 0.29
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= © 1/42 SCALE, MASS ADDED
. Ny = 1/14.24, N = 1/4.83

- & 1/14 SCALE, MASS ADDED
z Ny = 1/8.22, N = 1/4.83
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- a  ACCIDENTAL PULSE

§ ek =2 g ON MODEL _|

= (l.e. 2 x 1/4.83 = 0.41)
-— ° [+)

7 . |
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= 3k -
@ a
iz a o i
w2 a
=
S - .
O
& 1

0 |
0 1 2 3

PROTOTYPE BASE ACCEL, Vg X Ny(g)

Fig. 16. First-mode frequency vs peak acceleration.

have been normalized to prototype values by multiplying by the frequency and
acceleration scales.*

This plot indicates that the effective stiffness decreases progressively
as the magnitude of the seismic input increases. This is the same trend as
was observed in previous tests on two-story Category I structures.3

The values of effective viscous damping ratio were measured during sev-
eral of these tests using the transfer function (width of the peaks on the

real part of the transfer function) techniques.3 These values ranged from
2-5% (Fig. 17).

* This normalization makes it possible to plot the results from tests

on both structures (1/42- and 1/14-scale) on the same sheet so that
the results can be compared.
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IMAG. PART REAL PART

75 Hz (fa/fb)z + 1 95 Hz
-—2b 1586
(fa/fb) - 1

§ =12Q = 2.65%

Fig. 17. Test 02W transfer function, third-floor response to base input.

B. 1/14-Scale Structure

As explained in a previous section of this report, the 1/14-scale struc-
ture was damaged during the bare model test. Therefore, it is of interest to
compare the measured modal frequencies before the damaging accident with those
measured after the accident. The data necessary for this comparison are given
in Table VI. The decrease in first-mode frequency (from 57 to 38 Hz) is a
clear indication of damage.

Table VII allows the comparison of measured modal frequencies (before the
damage occurred) to the computed values and to the values predicted from the
1/42-scale structures. The data in this table indicate that even in the sup-
posedly undamaged condition this larger structure (1/14-scale) has a somewhat
greater reduction in stiffness (as compared with the computed value) than did
the smaller structure (1/42-scale), but the results are still in Tine with
previous findings reported in Ref. 2 and 3. Further, before the damage, the
modal frequencies predicted for the 1/14-scale structure by the 1/42-scale
structure are in reasonable agreement with the measured values.

The data taken during tests on the 1/14-scale structure with added mass
are also presented in Table VI. As previously pointed out, all of these tests
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TABLE VI
DATA SUMMARY, 1/14-SCALE STRUCTURE

Modal frequency (Hz)

Model Test Measured Computed
Condition Description f], f2, f3 f], fz, f3
I. Bare Low-level noise (+ 0.239 g) 57, 172, 299 149, 408, 587

during system start-up
before table excursion.

Low-level (+ 1 g) random 38, 161, 285

(6-200 Hz) after table

excursion.

II. Mass First accidental pulse; 31, NA, NA
added = 2 g, see Fig. 15.

Second accidental pulse: 28, NA, NA
=24

Simulated seismic* 21, 45, 90
0.5-g pk.

Simulated seismic 18
3.0-g pk.

Simulated seismic 15
3.0-g pk**.

A third accidental pulse preceeded this first simulated seismic test.
Simulated seismic tests to peak values greater than 3 g were not possible,
because the overturning movement shut the machine down.

* &

were conducted on an already damaged structure. These first-mode frequency
values have been plotted on Fig. 16, which clearly indicates that the damaged
1/14-scale structure is not modeled by the 1/42-scale structure.

VI. DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS

The geometry of the auxiliary building is different from that of the
diesel generator buildings reported in Ref. 3, and two different scales have
been used. The data here support all conclusions of the 1/30- and 1/10-scale
tests reported in Ref. 3 with the exception that scalability between models,
and thus to the prototype, is not demonstrated because the 1/14-scale model
was damaged during pretesting. Even so, the results on Fig. 16 point to the
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TABLE VII
COMPARISON OF MODAL FREQUENCIES AND STIFFNESS
(1/14-SCALE STRUCTURE BARE)

Modal Freq. (Hz)

f

£ £ f meas. K meas. _ (; meas.

1 2 3 f comp. K _comp. — comp

Computed 149, 408, 587

Measured
a. before damage 57, 172, 299 0.38, 0.42, 0.51 0.14, 0.18, 0.26
b. after damage 38, 161, 285 0.25, 0.39, 0.48 0.06, 0.15, 0.23
Predicted* from 62, 201, 303
1/42-scale tests.

* f(1/14-scale) =f(1/4ﬁ—sca1e)
f

N¢ = 3 for bare model.

fact that the prototype auxiliary building structure response at earthquake
design loads will be significantly different from the response that would be
calculated based upon an uncracked strength-of-materials approach. This dif-
ference between the response from analysis and experiment has been the subject
of much interest by the technical review group (TRG) for this program, because
equipment and piping design considerations are based on calculated primary
structure response.

Because of the analytical/experimental difference, it was concluded that
credibility must be established for the predicted behavior found here and in
Ref. 2 and 3. The Los Alamos National Laboratory program management and the
TRG have worked to define a structure and test program that will establish
this credibility during FY 85 and beyond (see Ref. 5).
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APPENDIX A
SCALING OF THE 1/42- and 1/14-SCALE STRUCTURES

The 1/42-scale structure (1-in. wall thickness) and the 1/14-scale struc-
ture (3-in. wall thickness) were designed, constructed, and tested so that
each size of structure was a Case III scale model of the assumed prototype
auxiliary building (42-in. wall thickness); and in addition, the smaller (1/42-
scale) structure was a 1/3-scale, Case II model of the larger (1/14-scale)
structure. The various types of modeling (Case I, Case II, and Case III) are
discussed in detail in Ref. 1, together with the scaling laws that must be
fulfilled for each case. In this appendix, the design of the structures and
test conditions is outlined so that the scaling laws are fulfilled.

The structures being considered are shown in Fig. A-1. Both model struc-
tures were constructed using microconcrete and steel reinforcement. It was
intended that the concrete and steel material properties would be the same as

h R Ry By | W [Hy Hy Hy| WH/STORY* (ib)

1 N2

1/42 SCALE 1in. 26 in. 10 in. 140
1/14 SCALE 3in. 78 in. | 30 in. 3780
PROTOTYPE 42 in. 1092 in.} 42 in. 10,372,000

*BASE NOT INCLUDED

Fig. A-1. Three-story auxiliary building: models and prototype.
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those of the prototype materials. For the 1/42-scale structure, the length
scale, Nh is 42; and for the 1/14-scale structure, Nh = 14. The length
scales were selected (i.e. the sizes selected) as the smallest size (1/42-
scale) that we believed we could fabricate with good modeling of the reinforce-
ment detail and as the largest size (1/14-scale) that could be tested on the
seismic simulator at the Construction Engineering Research Laboratory (CERL).
It was decided that each structure was to serve as a Case III model of
the assumed prototype. This decision was made because it is necessary to have
control of the acceleration scale, Na’ the mass scale, Nm’ and the time
scale, Nt’ if these models are to be tested on the available seismic simu-
lators. For both structures, the acceleration scale was selected as 1/4.83,
i.e. 4.83 g, on the model equals 1 g on the prototype; this selection was made
so that the 1/42-scale model could be tested on the electrodynamic seismic
simulator at SNL and the 1/14-scale model of the servohydraulic seismic simu-
lator CERL.
For a Case III model, the scaling laws are:

where Nh is the selected length scale and Q is the selected acceleration
scale. For a Q value of 1/4.83, this selection results in:

ho= 42,
N = 1/4.83 ,
N == 8523 , and

= 14.24 for the 1/42-scale structure and
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Nh = 14 ,

Na = 1/4.83 ,
Ny = 947 , and
Nt =

8.22 for the 1/14-scale structure..

With the mass scale established, it is possible to design the masses that
must be added to the model structures to properly simulate the distributed

mass of the prototype.

The procedure is as follows:
1. The dynamic lumped mass equivalent of the prototype distributed mass at
each floor level, (DLME)p, is taken as the mass of the structure concen-

trated at a given floor level, plus a fraction of the distributed mass

(walls) on both sides of that level (Fig. A-2).

(DLME)L3 =

MASS TOP SLAB
+1h WALL

—_—

(DLME)L2 =

MASS SLAB No. 2
+ 2h WALL

(DLME)L1 =

MASS SLAB No. 1|

+ 2h WALL

—~—d

{
41 K LEVEL 3
T
L
__4E |
i B | LEVEL 2
Jh
7
__.{r ;
S | LEVEL 1
Jh ¥
¥
b b

- — — —

- ——

Fig. A-2.
equivalent.

Method used to establish the structure's dynamic lumped mass
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2. The required dynamic Tumped mass equivalent of the model distributed mass
at each level, (DLME)m, is then computed as

(DLME)
(DLME) = ———P
m N
m
3. The amount of mass that must be added to the model to obtain the required

(DLME)m is then computed as

(DLME)

Required Added Mass = (DLME)m - . 3
h

The results of these computations are shown in Table A-I. The method of

attaching the added mass is shown in Fig. A-3.

With the model construction complete (including the attached masses) and
with the scales established, the test conditions can be specified. Both models
were to be subjected to a properly scaled version of the 1940 E1 Centro N-S
accelerogram. The base-line corrected version of this signal that was selected
as the desired prototype base motion input is shown in Fig. A-4. At each test
facility (SNL and CERL), this signal was entered into the seismic simulator

H= H T =] M,
cE 5 } M,
e L M

— —
STRUCTURE M, (lbs) M, (Ibs) M, (Ibs)
1/42-SCALE| 500 | 460 | 395
1/14-SCALE | 3334 | 3060 | 2631

Fig. A-3. Masses added to simulate distributed mass in the prototype.
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Fig. A-4. Prototype input signal.

control system in digital form. It was then time-scaled as appropriate, but
the assigned time step value between points was changed. For the tests
conducted on the 1/42-scale model (Nt = 14.24 tested at SNL), the signal was
scaled so that the total test duration was 16/14.24 = 1.12 s and, hence,
all frequency components were increased by a factor of 14.24. Likewise, the
input signal for the tests of the 1/14-scale model (Nt = 8.22 tested at
CERL) time was scaled by a factor of 8.22.

Both of the model structures were subjected to properly time-scaled seis-
mic inputs having a progressively larger peak value, apk' A peak value of
4.83 g/1 g of prototype acceleration was used. Measured response accelerations
are, of course, interpreted in the same way; i.e.’'a 4.83-g response represents
1-g response in the prototype, etc.

Note that velocities (v) are scaled as Nv = NaNt and displacements
(y) as Nh' Forces are scaled as Nf = NmNa'

It should be noted that, because both of these model structures were de-
signed using the same acceleration scale (Na = 1/4.83, relative to the proto-
type), they are Case II models of each other; that is, the acceleration scale
relating these two model structures is unity (1). Hence, results obtained
from the tests on these two structures should be related as:
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Displacement(]/]4) = 3X Displacement(]/42) s

Acceleration(]/14) = 1x Acce]eration(]/42)

»

Time(]/]4) =3 X Time(]/42), and

1
Frequency(]/]4) = 3 X Frequency(],42)

TABLE A-I
COMPUTATION OF ADDED MASSES

Assumed Required
Model (DLME)p Added Mass
Structure am (1b)
1. 1/42-scale structure
Level 1 4.82 x 106 500
Level 2 4.43 x 106 460
Level 3 3.80 x 106 395
2. 1/l4-scale structure
Level 1 4.82 x 106 3334
Level 2 4.43 x 106 3060
Level 3 3.80 x 106 2631
REFERENCE
1. R. C. Dove and J. G. Bennett, "Scale Modeling of Reinforced Concrete

Category I Structure Subjected to Seismic Loading," Los Alamos National
Laboratory report LA-10624-MS, NUREG/CR - 4474 (January 1986).
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APPENDIX B

CHARACTERISTICS OF THE SNL AND CERL SEISMIC TEST FACILITIES

The Sandia National Laboratory (SNL) test facilities used in this project
to test the 1/42-scale model consists of a Gilmore, Model C220, electrodynamic
shaker driving a 4 ft x 5 ft horizontal table mounted on 6 team bearings. The
pertinent characteristics of the system are:

Max. force -- 32,000 1b
Max. velocity -- 70 in./s
Max displacement —- + 0.5 in.

A photograph of this facility (with calibration weights mounted on the test
table) is shown in Fig. B-1.

The 1/14-scale structures discussed in this report were tested on the
servohydraulic vibration test facility operated by the Construction Engineering
Research Laboratory (CERL) at Champaign, Il1linois. This is a biaxial machine
(one horizontal axis plus vertical), but only single axis motion (horizontal)
was used in these tests. Test items are mounted on 12 ft x 12 ft welded alum-
inum table that can support a dead weight of 810,000 1bs.

The system is capable of:

e Vertical Motion
810,000 1bs force,
Approximately 50-g peak acceleration (table),
27-in./s peak velocity, and
+ 1.375 in. displacement.

e Horizontal Motion
450,000 1b force
Approximately 40-g peak acceleration (table),
32-in./s peak velocity, and
+ 2.75 in. displacement.
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The system is controllable over a frequency range of 0-200 Hz. The system
is programmed and controlled by a Gen Rad vibration control system that allows
for transient vibration control. A photograph of this facility (with
calibration weights mounted on the table) is shown in Fig. B-2.

Fig. B-1. Sandia National Laboratory seismic simulator used in this program.
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Fig. B-2,

Construction Eng
in this program.

ineering Laboratory seismic simulator used
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APPENDIX C

ANALYTICAL DETAILS

A three~degree-of-freedom Tumped mass model was used to determine analyt-
ical values for the natural frequencies and mode shapes of the 1/42-scale aux-
iliary building. This appendix will develop the Tumped mass model, analyze
the model to determine the structures dynamic properties, and show how the
results may be scaled to determine the dynamic properties of the 1/14-scale
structure. To simplify the analysis, the structures were considered to be
undamped systems* with their free vibration described by the following equation
of motion,

[m] {(X} + [kI {x} = {0} ,
where

[m] is a 3 x 3 mass matrix,

(k] is a 3 x 3 stiffness matrix,

{X} is a 3 x 1 vector of floor acceleration, and

{x} is a 3 x 1 vector of floor displacements.

We begin the development of the lumped mass model by determining the
stiffness coefficients that form [kl. The first step in determining the stiff-

ness coefficients is to evaluate the cross-sectional moment-of-inertia of the
structure using the method of transformed sections, as in

* Previous tests have shown damping for similar structures (i.e. two-story
diesel generator buildings) to be between 5% and 8% of critical. It is
assumed that neglecting damping of this order does not significantly
effect the determination of the structure's dynamic properties.
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+ 1

Isection = Iconcrete steel

-2 [}—2 1 in. (26 in.)3J " 2[‘— 24 in. (1 in.)3

Iconcrete 12

2
+ (12.5 in.) (24 in. 1 in.)}: 10,430 in.4

Reinforcement is 1/2-in. weld wire mesh, 0.042-in. diam.,

. 2
cross-sectional area (Astee1> = “(0'032 in.)" _ 5.00139 in.2 ,

modulus of elasticity, steel (Es> = 25.6 X 106 psi*

?

modulus of elasticity, concrete <Ec) = 2.6 X 106 psi**

6
modular ratio (n) = 25.6 x 10 = 9.85
2.6 x 10°

Transformed cross-sectional steel area = As, = nAs = 0.0136 in.2

7=

. 2 2
Lsteel = 2<47 * (12.03 in.) AST> 2 (53 .« (12.97) AST>

12 12
. 2 .2 2 . 4
v 42 Z G- 0.5)% & Z 12 Jas;| + 4012.5)% As, = 570 in.
j=1 j=1

Note: This calculation neglects the moment-of-inertia of the steel about
its own axis and only uses the transfer of axis term

4 4

. 4 . .
Isection = 10,430 in." + 570 in. = 11,000 in.

*
* Kk

Determined for tensile test of wire.

empirical relationship Ec = 57,000 vf¢.

Determined indirectly from compressive test of a typical concrete using
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The effective shear area was considered to be the portion of the walls
parallel to the excitation direction effective shear area of concrete (Ae) =
2426 in.e1 in. = 52 in.? height of a individual story (L) = 10 in. The
shear modulus (G) for concrete, assuming a Poisson's ratio (v) of 0.2, is

G Ec 2.6 x 106

6 .
=20 +v) = 21 + .2) = '-08 x 107 psi

The stiffness for a individual floor (k) can be determined, assuming the
bottom is fixed and the top is free, as follows:

o1, 18 , L
K kB ks 3EcIsection AeG
where KB = bending stiffness
KS = shear stiffness
K = 3 1 - 5.28 x 10° %ﬁ— .
(9 in.™) 10 in. :

g * 6

3¢2.6 x 10%si)11,000 in.* ~ (52 in.2)1.08 x 10® psi

By examining Fig. C-1, we see that the magnitude of the stiffness coeffi-
ciencies Ikijl of the matrix [kl is defined as follows:

|k1j| is the magnitude force a floor, i, required to produce a unit
displacement of floor, j, with all other floors held in place.

The matrix [k] can be defined as

k] + k2 —k2 0
[k] = —k2 k2 + k3 —k3 1bs/in.
L_ 0 —k3 k3
p
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BASE | -=» y (1)

Fig. C-1. Analytical model used to determine the natural frequency and
mode shapes of the auxiliary buildings.

And, because k] = k2 = k3 =k ,
2k -k O
[kl = -k 2k -k 1bs/in.
0 -k Kk

The Tumped mass equivalents for this model were assumed to be the mass of the
floor plus one floor thickness of the walls above and below the slab. These
masses are assumed to be concentrated at the mid-slab height. A mass density
of concrete (Pc), corresponding to 144 1bs/ft3, was used in the

following calculations:
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Area of floor 1 = (26 in.)2 = 676 1n.2

Area of floors 2,3 = (26 in.)2 = (8 1n.)2 - 612 in.2

Vol. of floor 1 = 676 in.2 « 1 in. = 676 in.3

Vol. of floor 2,3 = 612 in.2 e 1 in. =612 in.3

2(26 in. ¢ 1 in.) + 2(24 in. « 1 in.)
100 in.?

Vol. of wall contributing, floors 1,2 = 2 in. x 100 1‘n.2 = 200 in.3

Cross-sectional area of wall

Vol. of wall contributing, floor 3 =1 in. x 100 in.2 = 100 in.3
The elements of the mass matrix [M] are
M]] = 0.189 iﬂ*;;—lbi =P, ° (vol. of floor 1 + contributing vols. of walls),
M22 = 0.175 iﬂ*;i—lbi =p. (vol. of floor 2 + contributing vols. of walls),
and
My; = 0.154 iﬂ*;;—lhi = p. * (vol. of floor 3 + contributing vols. of walls).

When added mass was placed at a floor, the elements of the mass matrix must be
increased by the corresponding amount. Hence for the 1/42-scale structure,

Mo = —20010 g 159 - 7,484 10> Tbs

1 386 in./s? s2
My = ——559—13—5— +0.175 = 1.367 19451—195
386 in./s S
My = ——335—12—5— +0.154 = 1.177 19451—195
306 in./s S

The mass matrix then is defined as:
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M]] 0 0
[MI =10 M22 0
0 0 M33

We have now defined all the structure's parameters that make up the three -
degree-of-freedom lumped mass model. To solve the equation of motion for the
natural frequencies and mode shapes, we begin by assuming that the structure
will respond with harmonic motion. Hence, for a particular floor, x = - X x
where A = w2 and w are the natural frequencies of the structure, substi-
tuting into the equation of motion yields

- X [MI{x} + [kKI{x} =0 , and
multiply by (M1~ yields

[[A]l - A[I11{x} =0 ,

. K -k O i
where [A] is == —=—
My My
K 2k =k
Myy My My
-0 =k _k
M3z Ms3

and [I] is the identity matrix.
For this equation to have a nontrivial solution, the determinant

|[[A] - X [I1] =0,
and from the resulting characteristic equation we can solve for those values of

A that will make the determinant zero. These values of A are the squared
natural frequencies of the structure in (radians/s)z. Substituting these
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values of A back into Eq. C-1 and solving for {x} gives the corresponding
mode shape for the particular value of A. The values of A for the 1/42-
scale structure with and without added mass and the corresponding frequency
values are summarized below.

HWithout added mass:

2
£§é> rad

<’s s Hz
A = 6.33x 100 W = 2516 F = 400
Ay = 4.70 x 108 W, = 6855 f, = 1091

6
Ay = 9.72 x 10 Wy = 9858 f, = 1569
With added mass:
<rg%>2 rad Hz
S S

A = 8.18 x 10° W= 904 fio= 144
Ay = 6.04 x 108 W, = 2560 £, = 391

7
k3 = 1.25 x 10 Wy = 3540 f3 = 56]

The values calcutlated above, using the dimensions of the 1/42-scale struc-
ture and an assumed concrete modulus (E) of 2.6 x 106
to any size structure of any modulus as follows:

psi, can be converted

1)  For a 1/42-scale structure with a modulus of 3.07 x 106 psi
(i.e., E = 57,000 « /f. = 57,000 /2900 = 3.07 x 10%psi)
9 ’ C ’

; . [3.01,

"e - 3.07 x 108 \/ 26 6

e - 2.6 x 10

Hence, f] = 435 Hz ,
f2 = 1185 Hz , and
f3 = 1705 Hz ,
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for the bare model, and

156 Hz ,
425 Hz , and
60 Hz

for the massed-added model.

2) For a 1/14-scale structure with a modulus of 3.28 x 106 psi
6

(i.e., E=57,000 3320 = 3.28 x 10" psi)
14 3.28
fn] =12 %V 2.6 an] 5
T4 E=3.28 x 10° z - E=26x10
for the bare model.
Hence, f] = 149 Hz ,
f2 = 408 Hz , and
f3 = 587 Hz
For the mass-added, 1/14-scale model
14 3.28
fn : =42 2.6 % fn . 6
T4 E = 3.28 x 10° 42 » E=2.6x10
Hence, f] = 93 Hz ,
f2 = 253 Hz , and
f3 = 363 Hz
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