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THE SEJSMIC CATEGORY I STRUCTURES PROGRAM:
RESULTS FOR FY 1986

by

Joe! G. Bennett, Richard C. Dove, Wade E. Dunwoody,
Charles R. Farrar, and Peggy Goldman

ABSTRACT

The accomplishments of the Seismic Category I Structures
Program for FY 1986 are reported. The background leading to
the FY 1986 Program Plan s summarized and the design of a
new geometric configuration of a reinforced concrete shear
wall test structure is described. The report discusses
static and seismic testings of two of these structures, a
1/4-scale, 1-in.-thick shear wall model of microconcrete and
a 4-in.-thick shear wall prototype. Results and conclusions
rogardin? degrading stiffness characteristics, natural
frequencies, and scalability of micreconcrete with actual
concrete are compared with past fiscal year results.

Possible base rotation effects for the large structure are
examined analytically. Finally, tentative conclusions are
stated regarding the degrading stiffness and scaling of these
structures and recommendations are made about future sefsmic
testing of large structures.

I.  INTRODUCTION

The Seismic Category I Structures Program is being carried out at the Los
Alamos National Laboratory under sponsorship of the U.S. Nuclear Regulatory
Commission (NRC), Office of Nuclear Regulatory Research, and has the objective
of investigating the structural dynamic response of Seismic Category I rein-
forced concrete structures (exclusive of containment) that are subjected to
sefsmic loads beyond their design basis. The program, as originally concelved,




is a combined experimental/analytical investigation with heavy emphasis on the
experiment component to establish a good data base. A number of meetings and
interactions with the NRC staff have led to the following set of specific
program objectives:

1. to address the seismic response of reinforced concrete Category I
structures other than containments;

2. to develop experimental data for determining the sensitivity of
structural behavior in the elastic and inelastic response range of
Category I siructures to varfations in configuration, design prac-
tices and earthquake loading;

3. to develop experimental data to enable validation of computer
programs used to predict the behavior of Category I structures dur-
ing earthquake motions that cause elastic and inelastic response;

4. to identify floor response spectra changes that occur during earth-
quake motions that cause elastic and inelastic structural response;
and

5. to deve'op a method for representing damping in the inelastic range,
and demonstrate how this damping changes when structural response
goes from the elastic to the inelastic ranges.

The prevailing feature of the typical structure under investigation is
that shear rather than flexure is dominant; that is, the ratio of displacement
values, calculated from terms identified with shear deformation, to the values
contributed from bending deformation is one or greater. Thus, these buildings
are called “shear wall" structures. The background of the program and its
status leading to the work reported here will be briefly summarized below.

The Seismic Category I Structures Program began in FY 1980 with an inves-
tigation that identified the typical nuclear shear wall structure and its
characteristics (stiffnesses, frequencies, etc.) as being the most important
and least understood selsmic resisting structure. A combined experimental/
analytical plan for investigati n of the dynamic behavior of these structures
was lald out as described in Rf. 1. During the first phase, the program con-
centrated on investigating 1< lated shear wall behavior using small models
(1/30-scale, 1-in. wall thickness, Fig. 1) that could be economically con-
structed and tested both statically and dynamically. The results of these
investigations are reported in Ref. 2. During this early phase of the
program, a Technical Review Group (TRG) consisting of nationally recognized



sefsmic and concrete experts on nuclear civil structures was established to
both review the prcgress and make recommendations regarding the technical
direction of the program. The recommendations of this group have been
evaluated in 1ight of the needs of the USNRC and, when possible, have been
carefully integrated into the program.

Following the isolated shear wall phase, the program began testing and
evaluating 3-D box-11ke structures, which represented fdealized diesel gener-
ator buildings (Fig. 2). It was recognized from the outset that scale model
testing of concrete structu es s a controversial issue in the U.S. civil
engineering community. Thus, two sizes of structures were {ested in an effort
to demonstrate scalability of resulte. This work is reported in kefs. 3-.
Other variables of interest, especially the effect of number of stories, v ‘e
investigated by constructing, analyzing, and testing small-scale structures
representative of a typical three-story auxiliary building. The results ob-
tained from the tests of these structures, shown in Fig. 3, are given in
Ref. 6.
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Fig. 1. Isolated shear wall structure.




(NP Fa| W | L |H &K, | P |WusTORY #

V3O-SCALE| 1in. [0 in |18 in| 728 In.| 1in, A7.7 b
VIO-SCALE| 3 in. (30 insa | 2178 In| 3 in, | 1208 b
PROTOTYPE| 30 In. |28 1148 118,128 1t | 30 In.| 1,206,000

*BASE NOT INCLUDED
NOTE 1in, =284 mm 11t =0308m 110 =448 N

Fig. 2. Two-story diesel generator building,
models and prototype.

Although a number of results on ftems such as aging (cure time), effect
of increasing selsmic magnitude, etc., had been reported, the two most imoor-
tant and consistent conclusions coming out of the data from this program are:
first, the 7calabiiity of the results between microconcrete modelr of different
sizes was )ifustrated both in the elastic and Inelastic range; second, the so-
called "working load" secant stiffness of the models was lower than the com-
puted uncracked cross-sectional values by a factor of about 4. The term
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Fig. 3. Idealized three-story auxiliary
building, models and prototype.

“working luad" 1s mesnt in the sense of loads that produce stress levels
pquivalent to at least the design basis earthquake and up to the safe shutdown
earthquake.
During their review of this program, the TR3 pointed out the following:
1. Design of prototype nuclear plant structures is normally based on an
uncracked cross seciion strength-of-materials approach which may or may
not use a ‘stiffness reduction factor" for the concrete, but 1f one is
used it 1« never as large as 4.
2. Althcugh the structures themselves appear to have adcquate reserve
margin (even 1f the stiffness s only 25% of the theoretical value), any
piping and attached equipmeni will have been designed using fnappropriate

floor rasponse spectra.



3. Given that a nuclear plant structure designed to have a natura)
response of about 15 Hz may have a natural frequency of 7.5 Hz (corresponding
to a reduction in stiffness of 4), and allowing further that the natural fre-
quency may further decrease because of degrading stiffness, the natural
response of the structure will shift well down into the frequency range for
which an earthquake's energy content is the largest. This shirt will result
In increased amplification in the floor response spectra at lower frequencies,
and this fact has a potential impact on the equipment and piping design
response spectra and their margins of safety.

Note that all three points are related t~ ‘he difference between measured
and calculated stiffnesses of these structures.

Having made these observations, several questions arise. Do the previous
exparimental data taken on microconcrete models represent data that would be
observed on prototype structures? What is the appropriate value of the stiff-
ness that should be used in design and for component response spectra computa-
tions in these structures? Should 1t be a function of load level? Have the
equipment and piping in existing buildings been designed to inappropriate
response spectra? What steps should be takan to evaluate this reduced stiff-
niss for existing structures?

Thus, starting in FY 1985, the primary pro~ram emphasis was to ensure
credibility of previous experimental work by beginning to resolve the dif-
ference between the analytical and theoretical stiffness that came to be called
the "stiffness difference" i1ssue. The TRG for this program believed that this
importanrt issue should be addrissed before other program objectives could be
accomplished.

For these stiffness-related concerns, 1t was agreed that a series of cred-
ibi ity experiments would be carried out using both large- and sma(l-scale
structures. For the large-scale structure, the TRG set limitations on the
design parameters. Their recommended “ideal" structure characteristics, in
order of decreasing priority, were as follows:

Maximum predicted bending and shear mode natural frequency <30 Hz.
Minimum wall thickness « 4 in.

Height-to-depth ratio of shear wall < 1.

Use actual No. 3 rebar for reinforcing.

Use realistic material for aggregate.

Use 0.1% to 1% steel (0.3% each face, each direction fdeally).

O U B W Y -



7. Use water-blasted construction joints to ensure good aggregate fric-
tional interlock.

A structure, called the TRG structure and shown in Fig. 4, was specifi-
cally designed to meet these requirements. The computed characteristics of
this structure aro given in Table I. However, it was decided that, before
constructing this relatively large and expensive (both to build and especially
to test) structure, a smaller (i/4)-scale mode! of the proposed striucture
should be designed, constructed, and tested.

The purposes of this 1/4-scale microconcrete model were as follows: first,
by applying the same piinciples of analysis and design, and the same construc-
tion practices as were used in the previous work, the scalability of the
results of a microconcrete mode! to a prototype structure of “"real" cuncrete
could be investigated. Second, conclusions (based on calculations) concerning
the mode! and prototype torsiunal response, individual wall frequencies, out-
of-plane bending, and other feztures that affect the response of the large TRG
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TABLE 1
COMPUTED CHARACTERISTICS OF THE TRG STRUCTURE

Wall thickness in
luncracked transformed section including st
Areffectivo shear area :
Area total (plan view)
Total uncracked bending stiffness
Shear stiffness
Total stiffness
Max dead weight normal stress
Max shear stress in flange at 5g due
to assumed 5% torsion (approx.)
Total concrete
Total added weight
Total weight

jtructure can be confirmed on a less expensive test
mentation and other ta acquisition requirements ¢
the larger-scale tests construc , analysis,
the investigation of /4- microconcrete mode!l
are discussed in Ref

This report covers the constructic analysis,

full-size TRG structure . 4 addition,

the 1 $¢ e ¢ e 1/4 scale

(and
J

recommended the ¢ g uctic : analvys|

structure designed to meet specific criter

5

4 and having the characteristics given 1

zed, and tested




Mode! No. Order of construction

WT Shear wall element thickness-inches
AR Shear wall aspect ratio (height to length)
%R % reinforcement.

Thus, TRG-No.-WT (AR, %R) 1s used as the notation.
For the 1/4-scale, microconcrete model,
TRG-1-1 (1, 0.56), abbreviated as TRG-1; and
for the first full-siz! structure,
TRG-3-4 (1, 0.60 ), abbreviated as TRG-3.
The material properties of TRG-3 are given and compared to TRG-1 materia)
properties in Table II.
Both TRG structures (TRG-1 and TRG-3) were constructed at Los Alamos by
Los Alamos personnel. The larger structure (TRG-3) was constructed on the
test stand whiun was later used as the modal vibration and static loading test
base so as to minimize handling before preliminary tests could be completed.
Figure 5 shows the larger structure (TRG-3) under construction.
The resulting “as built" characteristics of the two structures are given
and compared with the design values in Table III.

B. _Low-Level Moda) and Static Tests of TRG-3 (at Los Alamos)

The low-load-level testing for the structure began during the week of
December 16, 1985. The structure was placed on foam pads for modal testing as
a “free-free" structure to characterize the very low-level vibrational frequen-
cies and thus the structural "as-built" stiffnesses. First, a series of hammer
tap tests was used to excite the structure. Second, a 300-1b-force portable
shaker was used to excite the structure with a random signal having a frequency
content of O 500 Hz. For both modal analysis tests, accelerometer data were
taken at 3) points, shown schematically in Fig. 6 in three orthogonal
directions. Figure 7 11lustrates this operation. These tests gave some
natural frequency and mode shape information, but the foam pads did not allow
a true “"free-free" condition to be simulated and coherence for the test signals
below 200 Hz was poor.

A second, 1/4-scale structure [TRG-2-1 (1, 0.56)) was constructed but
was not ~ompletely tested because of obvious flaws and is not reported on.



TABLE II
MATERIAL PROPERTIES

e S R R R e D

Concrete TRG-3 TRG-1
e, pst = (measured at o-¢ origin « 2.0x106 3.18 x 106
fe, psi = (compressive strength) « 3807 3769

fe. psd = (split tensile test strength « 351 513

Ec, psi « 57000 Vf¢ « 3.52 x 106 3.49 x 106
Steel

£, psi = 30 x 106 25.6 x 106
Yield,

Strength, Ksi « 40 min. 42.7
gl:::::;. Ks! « 70 min. 53.1
Elongation

at fallure, L « 11 min, a
Diameter, in. « 3/8 0.042

Steel reinforcing 0.6% both
directions (No. rebar)

Note: The values for cteel
are "handbook" va'ues
net measured.

0.56% both directions
(0.0421n. diam. galv.
hardware screen)

Note: These values for
steel are mea-
sured values

Next, the base of the structure was bolted to its support plate ano a load
frame, specifically constructed for -~w-load-level (Tess than 80 psi maximum
principal stress) stat'c testing, was assembled (Fig. 8). These tests were
completed during the week of December 23, 1985. The 37,600 b of ajded weights
arrived after the tests had been completed and were fitted to the structure
during the week of December 27 1985, and the transfer functions of the top
slab acceleration to the base slab acceleration records were measured. The
structure was shipped to the Construction Engineering Research Laboratory
(CERL) at Champaign, Illinois, on January 2, 1986,

10
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TABLE III

CHARACTERISTICS OF THE TRG 5TRUCTURES
IRG-) TRG-)

— NTR—— . Peslon Yalue® As-Bulll Yalue** Oesign Yalue* As-Built Yalue**
Uncracked vection mmment of tnertis (1) 00" 2.06 1 10° 208 s 10t 005 % 10’ e
Ared ofic.tive shear (transformed), in. ' i) e IR 29
Ares (otal), 1! 1288 1288 0 08
Total uncracked cant))ever bending stiffaess

o, it 2.8 010 3.00 » 10 o6 v’ o
Shear (tiffaess (A GAL), 10/1 8.0 10t 'REE 1.9 x et 153 0 10t
Mass contrivution (26,1, 7). 1nsin. SRR x 308 0 000 o6s s 0.9
Votal stiffaess, 1n/is 'REE 5.00 v 10* 1.00 x 108 127wt
M. Serd welght norma! stress ps! Ll 0.8
Mar. shear stress 1n flange due to

disumed 51 torsion (appron), pid Batsy Gty
Tota) concrete, cublic yards [} 0.1
Total added weight, 1b 17,000 3,800 ) 7%
Total Meight, 1b A1,000 61,600 ») 50

* Calculated wiing (. =20 10* 1erin ? a5 the design value
*oCalcnlated uiing (~ « 15 |0‘ TYAL) : from 57, 000 J-':

Fig. 6. Schematic presentation by modal analysis
software of TRG 1-in.-wall mode! showing
31 points at which data are collecred.
Point 2 1s the load application point.






This low-load-level testing (monotonic static and modal), which was con-
ducted before the structure was shipped to CERL fur simulated seismic testing,
was undertaken to serve several purposes. First, *he initial as-built stiff.
ness of the structure was desired for comparison with theory, second, for com-
parison with similar test vesults that would be taken after shipping, and
third, for comparison with similar test results from the 1/4-scale mocel of
this structure (TRG-1). The third comparison was meant to investigate
scalability between “micro” and "real" concrete at low-load levels.

These Inftial modal tests were fallures in the sense that the analysis of
the data failed to accurately indicate modal frequencies associated with a
clearly defined test condition (1.e., free-free vibration). For the moda)
tests at CERL, the structure was suspended from an overhead crane, thus better
simulating free-free conditions.

The displacement measurements made during the statics test series are de-
scrifed in Fig. 9. The figure shows that fifteen linear variable differentia)
transformers (LVDT) were used during the test. A maximum load of 10,000 )b was
incrementally applied during the tests, corresponding to an average base shear
stress of 28 psi at the 10 000-1b load level. The load was applied in one
direction only, and the test way repeated four times. Data from LVDTs and the
load cel)l werr recorded using a Hewlett-Packard 9825 data acquisition system.

Studies of the d.ta demonstrated two problems. Motion of the mode! rela-
tive to the frame supporting the external LVD(s introduced some distortion into
the readings. In addition, the magnitudes of the displacements encountered at
several of the key LVDT locations were less than the resolution range of the
LVDTs. These characteristics of the measuring system reduced the validity of
the results that could be obtained from the external LVDTs (Nos. 9-15, Fig. 9.
However, the data from (he internal LVDTs (7 and 8) were adequate to obtain a
good value for the low-load-leve! stiffness of the mode). This calculation is
based upon work reported in Ref. 8.

The aveérage shear strain within the area of the mody) covered by the
diagonal displacement gages was shown to be

Y o JAZL e la8]
avg L '

where 47 = change in length of one diagonal,
a8 change in length of the other diagonal, and
Ly inftial length of the diagonal.

4
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Fig. 9. Locations of the linear voltage differentia)
transformer displacement measurements taken
during the static testing of the TRG-3 structure.

It s noted in Fig. 9 that a 74-in. x 74-in. segment of the shear wall is
covered by the LVDT gaging.

Using an average shear strain determined from the above equation, the
shear deformation, AS, for the gaged area may be calculated as

AS - “ Y.Vg )

where H 1s the height of the gaged area, in this case 74 in. (Fig. 9). To
calculate the total deformation for the mode! and then the model spring
constant, AS must be corrected with two factors. One 1s a correction for

the height of the mode! being greater than the internal gaged area. A )inear

factor based upon the ratio of the mode! height to gaged height was used here,
f.e., 106 in./74 in.

16




The second correction factor 1s used to include the bending deformation.
The deformation as calculated above, 45, 1s only shear deformation. The
total deformation will have a component caused by bending. Ideally, LVDTs
] -- 6 were to give data from which the total deformation could be calculated.
However, the deformations at these points were too small to be resolved with
the transducers used, so the bending component of deformation was hased upon
analysis and a subsequent TRG test. The analysis, using a finite element
mode! of a similar structure but having 6-in.-thick walls, but also having an
aspect ratio of one, showed that the bending deformation is about 12% to 15%
of total deformation. The subsequent test results of a later TRG test gave
values of 10% to 20%. A value of 12% was used in the data redurtion here.

The maximum internal LVDT reading was 0.0018 in. at location 8, which
i1lustrates the resolution problem at low-load levels. However, this signal
was linear with force, and a study of the results of the four tests indicated
that the data from transducers 7 and B were reliable. Using these data and
the data reduction method described, the spring constant for the TRG-3
structure was determined to be 4.4 x 10*% 10/1n.

C. Tests Conducted at CERL

The TRG-3 structure was loaded (using a mobile crane) on a commercial low-
boy truck on January 2, 1986, for shipment to CERL. No instrumentation was
used during shipping. The structure was visually inspected after of f-loading
at CERL and no damage to the shear wall was observac. However, the base slab
shows some areas of visible cracking near the edges that occurred because of
the truck bed flex over the axle. These areas were not judged to be signifi-
cant with respect to the structural integrity of the model. Ouring the week
of January 6, 1986, the structure was suspended from the CERL crane using
nylon streps and “free-free" modal testing was carried out using a portable
shaker and random force excitation (see Fig. 10). In these tests, coherence
at lower frequencies was good, and the modal analysis gave satisfactory
results. The first mode was found to be a torsional mode with a frequency of
29 Hz. The second mode was the shear-bending mode with a frequency of 75 Hz.
The details of the methods of modal analysis data reduction are given in
Ref. 9.

The structure was next bolted to the CERL test table and two 6-in.-thick
stee) plates were bolted to the top of the structure. Figure 11 indicates how
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results. The first mode was found to be a torsional mode with a frequency of
29 Hz. The second mode was the shear-bending mode with a frequency of 75 Hz.
The details of the methods of modal analysis cata reduction are given in

Ref. 9.

The structure was next bolted to the CERL test table and two 6-in.-thick
steel plates were bolted to the top of the structure. Figure 11 indicates how
the structure was attached to the shake table, Accelerometers were mouited on
the structure at the locations indicated in Fig. 12.

A low-leve! haversine pulse was used to excite the structure over a wide
frequency range for diagnostic testing. This single haversine pulse was used
instead of the low-level, broad-band noise signal used in previous tests in an
attempt to 1imit damage to the structure due to numerous load cycles. The

TRG-3

4 PLACES 1in x 18in. x 184n.
TWO STEEL PLATES

ALL 440 WALLS MAVE No 3 REBAF
ON 4 54n CENTERS EACH FACE,
EACH DIRE . TION

SN\ & 14 APPROX 18,800 b EACH
]M < 4 E >/ououno
RN 7
S| “

p -

S fhin x 240 »e
AT 4 LOCATIONS

“a
108 b N '
0
|
:
N
DIMENSIONS
ININCHES -
STEEL PLATES GROUTED

AND HELD IN PLACE BY 3> mc&
(36 TOTAL) TORQUED TO 400 &

Fig. 11. Method used to attach TRG-3 to CERL shaker.
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" 3 NOTES
| 1. 7AND ¥ ARE
| SINGLE AXIS
i | ACCELEROMETERS,
:: qs y DIRECTION
13 | 2 ALL OTHERS
OF SHEAR M7 N | ACCELEROMETERS,
! (D S y. x, AND z DIRECTION
N i | > 3 26 TOTAL
N\ | | HEIGHT) _
. . ACCELEROMETERS
\:n,/
'I
: /”’..
v 3" (ON SHAKE TABLE)
1\
1 DIRECTION ™\ ¥
OF INPUT ACCELERATION

Fig. 12. Schematic showing the locations of the
accelerometer on the TRG-3 structure.

control signal was a pure haversine; however, because of contro) system dis-
tortion and feedback from the structure, the actua! test pulse applied to the
base of the structure had the shape shown in Fig. 13.

The simulated selsmic pulse used in the TRG-3 tests was the base line
corrected version of the 1940 €1 Centro, N-S accelerogram (previously used in
the TRG-1 test) time scaled hy a factor of 5. The complete test seq . >nee for
TRG-3, together with the sequence followed in the testing of TRG-1, is given
in Table IV.

A1l of the data (from the 26 accelerometers) were recorded on magnetic
tape for later digitization and analysis.



L L

== l-zooms |
TIME

Fig. 13. Haversine pulse used in the TRG-3 test.

I11. THEORETICAL ANALYSIS OF THE TRG STRUCTURE

The various tests conducted to evaluate the TRG structures (static, modal,
and simulated seismic) have been described in the preceding section. The
second but integral part of this evaluation consisted of theoretical analysis,
Three methods of analysis were used in order to cover the various approaches
that might be used in the design of this type of structure and to point out
the consequences (in terms of predicted stiffness and modal frequencies) of

each method of analysis,

A._Design Method
This 1s the method actually used In the design of the structure tested in

this program (TRG-1 and TRG-3) and s the method that has been most used by
architectural/engineering firms for the design of existing nuclear plant
structures of this type. The assumptions for this method are as follows:

1. assume an uncracked concrete cross section;

2. use the method of transformed sections to transform steel area
to concrete and compute the transformed bending area moment of
inertia for the cross section; this step may or may not be
done by an architectural engineering firm;

3. use the strength-of-materials approach to compute the stiff.
ness,
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(repeat of test 1)

. WO WALy added,
fixed free moda)
(base ¢lamped to
shaker table)

. WMo mass added,
low-leve) base
1nput

Rass added, low-
Teve! base input

. Repeat of Mo &

st added, simulated
setamic  sequence
(time scaled Y940

) Centre, n-8)

2

o»9 -

Lt & R S

TABLE 1V

TRG TEST SEQUENCE

TRE-) (174 Scale)

. Structure on foam pad at comnstruc-

thon site; ¢ 25 Vb force shaker,

rd resuity
1+ 128 M tersten
f2 = 300.5 Mz shear/bending

M oconstruction site measured

tangent stify

55 4t erigin
g = 0.7

U TALE

. Mter transporting te test site

(K site, Los Alameos)
fy = 1075 M2 terston
f2 = 290.0 M2 shear/bending

. AL test site, good base fixtty

with table locked,
Fy = 2202 Wa, shear/bend'ng

At test site, ¢ 0.5 9 random
table input
fy = 192.8 M2, shear/bending

At test site 575 b added,
t 0.5 g random table ‘nput
f1 = 76 & Mz, shear/bending

Rass removed and repeat Mo § 1o
check Tor damage

fy o= P60 N2 shear/bending
£) Contro time scaled by & factor

of 20

Setsmic, =08y
fandom, ¢ 0.5 ¢
Selsmic, « 19
Random, ¢ 0.8 ¢
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fandom, ¢ 0.8 ¢
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Random, ¢ D4 ¢
Selamic, LN
(Strecture fatled)

TRE-D (Prototype)

V. Structure on foam pad at construction
sito, ¢ 300 b force shaker, poor
results
fy net determined
f2 not determined
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stiffness at prigin
Ko = 4.4 2 108 1b/4n. (poor
resolution)

3. After transporting to test site
(CERL), structure suspended from crane
fy = 29 M2 terston
f2 % 78 Mz, shear/bending

4. No comparable test on TRG )
becavse CERL table cannot be locked

S Mo comparable test on 1RG-)

& AT CERL, 37,600 'b added, haversine
pulse at base
0.‘ (9 fy (M2) shear/bending
2 L
0.5

%0
T Mo comparable test on TRE-)

8. [) Contro time scaled by o factor of §
o Setemic, =029
b Selsmic, pa = 030 4
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At Aty acceleration leve) the
hydraviic system shut down
probably due to vncontra) lable
everturning moment

b Five additiona) seismic tests
were sttempied (with peat levels
W 1o 3.5 g), but in every case
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Ond the desired sefsmic pulse was
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SHEAR WALL

Fig. 14, One-quarter mode! finite element mesh
used for finite element calculations.

IV. COMPARISON OF EXPERIMENTAL RESULTS FROM TRG-1 AND TRG-3

As pointed out in a previous section of this report, the TRG structure was
subjected to a serfes of tests that were specifically designed to determine the
‘as-constructed” stiffness and modal frequency and to track changes in those
two values as the structure was subjectad to progressively larger loads. See
Table IV for the test sequence. The 1/4-scale microconcrete mode! (TRG-1) of
this prototype structure (TRG-3) had previously been tested in essentially the
same sequence. Hence, 1! 1s now possible to compare the values for stiff-
ness and modal frequency measured on the TRG-3 structure and the scale wodel
predictions.

Table VI gives the values of modal frequencies or stiffne s foo *he st it
tests measured during the various tests on both the TRG-) and 7 R{taY
In addition, the values predicted for the prototype (TRG-3) fr
(TRG-1) results are given.
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or 91% of the initial value. However, from the first simulated seismic test
(No. Ba, ap, = 0.5 g) to the test after which concrete cracking was visually
observed (8K, Ay * 8.9 g), the shear/bending stiffness is reduced to

() - @) o

or 36% of its value at the beginning of the seismic test series.

TABLE VI
MEASURED AND PREDICTED MODAL FREQUENCIES AND STIFFNESSES

| TRG- 1 TRG-3
Test Measured Measured Predicted by scaling
1. Moda) test, fy = 112.5 Nz, torsional NO usable data obtained fy =« 112.5/4 « 28.) W2
free-free fz « 307.5 M2, shear/bending at Los Alamos before f2 « 307.5/4 « 76.9 W2
shipping
2. Low=leve) Tangent modulus at origin umot sodulys at origin Ko « (0.75 x 108) x 4
static, base Kg e 0.75 x 108 \b/in. - 4.4 lo‘ Ib/in. « 3.0 « 10% 1n/in. |
LARTY ] (mr resolution) |
3. Modal test fy « 107.5 Wz, torsional fy = 29 Mz, torsioma) fy « 107.5/4 « 26.8 M2 |
frae-free f2 = 293.8 We, shear/bending f2 » 75 Mz, shear/bending o« 293.8/4 « 3.4 W2
4. Moda) test, f1 = 221.2 W2, shear/bending None
flaed-free
§. M0 top mass,  f) e 192.6 1, shear/bending None
low=level
base input
6. Top mass fy = 76.6 Nz, shear/bending at 0.2 t pk base input
added, low~ fy « 9.5 Nz, shear/bending fi «76.6/4 « 19.2 W2
level base I& 0.§ 8 pk base input
input fi « 9.0 Wz, shear/bending
B I‘oo:! of f) = 186.9 Mz, shear/bending None
b Simulated n « 0594, at « 0254 n «0.5/4 01289
selsmic test .qt . R _— " ﬂ.l :l & .Wm - 18.8 Il:
sequence a . 9 (cracking i «259 s 094229
top masy fy :"! LH f :".l Nz .“ild o 13 W
40ded, base
| nput
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Examination of the data (in Table VI) taken from the TRG-3 tests shows
that during the simulated seismic testing there is a progressive reduction in
stiffness:

2

;f a (;f) . (gf%)z e 0.74

This reduction in stiffness for TRG-3 during the seismic test sequence is

not as great as was observed in the TRG-1 structure (or as in other structures
previously tostod).z'3 It 1s impossible to say whether or not this discrep-
ancy s caused by a failure to properly model concrete material properties and
behavior when microconcrete is used to mode! “real™ concrete. It 1s impossible
to know the causes for the discrepancy because the seismic loading function was
not properly modeled between mode! (TRG-1) and prototype (TRG-3) seismic tests.
Especially in the TRG-3 tests, the frequency content of the input signal was
greatly distorted at the higher peak acceleration sefsmic tests, and, as a
result, these tests were not as severe as the peak "g" level would indicate.

The low-leve! (40 ps! average base shear) static test (item No. 2, Table
VI) and the free-free modal test (item No. 3, Table VI) indicate that the
microconcrete TRG-1 structure 1s a reasonable mode! of the TRG-3 structure.
Specifically, since stiffness (K) scales by the length scale (Ny = 4 in this
case) and froqgoncy (f) scales by the reciprocal of the length scale (Ng = 1/4
in this case), the values predicted for the prototype by the model are as
shown in the fourth column of Table VI.

Comparing the values of K and f, measured during low-load-level tosts on
TRG-3 with the values predicted by scaling, we conclude that the microconcrete
mode)! underpredicts the prototype stiffness, V.e., from the low-level static
test

“MEAs . 4.4

Kseaten 30

This scaling assumes that the modylus (E) s the same for both model and
g;og?ty?:i Taking € as 57,000 yf:, we have Ey = £p « 3.5 x 108 1b/1n.
adle .
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and from the free-free modal test

%. (;ﬁ“—)z.%j-g.l.u

SCALED

The first number is disappointing; 1t suggests that the low-load-level stiff.
ness of the prototype predicted from the scale model 1s only 68%
‘SCALIO"N!AS « 1/1.47) of the actua) measured value. However, it should

be remembered that the resolution of the data to obtain the initial stiffness
(slope at the origin of the load deflection curve) as measured on the prototype
is poor; see pages 14 through 17 for a discussion of these problems. In any
case, 1t is clear that the microconcrete mode! does not underpredict the
inftial structural stiffness. Thus, microconcrete cannot be used to explain
the discrepancy between experimental and theoretical values of stiffness noted
in our previous tests on microconcrete models of various Category I
structuros.z'3

The second number (‘ntks"SCALto - \.04). which is the result of
dynamic tests in which the modal frequencies can be measured with better
precision, suggests that at low-load levels the microconsrete mode! predicts
the prototype's effective stiffness very well,

With steel plates attached to the top of the TRG structures, and the
structures bolted to the shake table (tests No. 6 and No. 8, Table VI), the
structures are configured for the simulated seismic testing. In this condition
the TRG-1 structure was found to have a first mode frequency (shear/bending) of
76.6 or 75.1 N2 (see tests 6 and 8, Table VI). Having shown in the preceding
paragraph that, at low-load levels, the TRG-1 structure is a good mode! of the
TRG-3 prototype, we can scale these results to predict the first mode frequency
of the TRG-3 under the same mounting and load condition (1.e., base fixed to
shaker table, input acceleration pulse at base).

Thus,

f

|

f, o —hG=l 21, g0 w2
TRG-3

The measured value of the TRG-3's first mode frequency was 9.5 Hz (test B8a,

Table VI). Clearly, in this condition, the TRG-3 structure is poorly modeled



by the TRG-1 model, and the reason or reasons for this situation must be

investigated.
We can check the response of a structure by using vibration theory to

predict its first mode frequency in this test condition from previous test

results. We can thus check the response of the TRG-1 structure.
From test No. 5, with the base fixed but with no additional mass added,

fl was found to be
fl1 = 192.6 K2z

Since modal frequency is inversely proportional to mass,

f, =t X ‘/21151_&_5 .« 192.6 x J;}}é c87.5 M2 .
MASS  'NO ADDED TEST NO. 6 :
ADDED  MASS

Then the measured value of first mode frequencty (f‘ w 76.6 H2) \s

or

f

1 0.87 f,
MEAS COMP

We attribute this relatively smal)l difference to the progressive reduction in
stiffness from test to test on the TRG-1 structure and, hence, we belleve that
the measurcd value of f‘ represents the actua) modal frequency of this struc-

ture in shear/bending on a fixed base.

* See Appendix A for the computation of masses. Values of masses given in

Appendix A are for TRG-3; however, the ratio of masses is the same in TRG-)

as in TRG-3.
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We can also check the response of the TRG-3 structure in the same way.
However, because this structure was not tested in the “no added mass, base
fixed" condition (test No. 5, Table V1), we must compute the expected value of
f‘ for test No. 6 (mass added/base fixed) from the value measured in test

No. 3 (no mass added, free-free modal). We perform this computation as
follows:

In test No, 3, the shear/bending mode for Vree-free boundary conditions,
'2' was found to be

The expected shear/bending modal frequency with fixed-free boundary
conditions and additional mass added is

» o FERee | MRee-rReg
S/Berx-rree ¥ EFREE-FREE  MFIX-FREE

We have

Vb, a2 .
T IR LR DR AR

However, the actual measured value of the shear/bending moda! frequency of the
TRG-3 structure in this condition was (" . 'SII . 9.5 nf); thus,

f . 3308 ¢ . 0.45 ¢
weas 210 eome 'comp

We belleve that this 15 clear evidence that in this test condition 1t 15 the
TRG-3 structure that 15 responding in a manner that was not anticipated, nor
adequately understood, or accounted for. Two possibilities suggest them-
selves. First, the TRG-3 structure may have experienced considerably more

See Appendix A for computation of masses and stiffnesses.
30




relative damage than did the TRG-) structure when the top mass was added, the
base was bolted to the shakur test table, and the fixed base input was applied.
Second, the TRG-3 structure may undergo significant rigid body rotation when
tested in this configuration. This rotation would result in an observed modal
frequency lower than the value that would result from pure shear/bending about
a fixed base, and as a result, 1t could not be used to compute the effective
shear/bending stiffness without further analysis.

We investigated this second possibility by using the computer model of
the system shown in Fig. 15. This model includes torsiomal (Kp) vertical
(Kv). and translational (Ky) springs and dampers to allow for rotation,
vertical and translation motion of the structure relative to the shake table.
The detalls of this investigatio® e given in Appendix C. The results of

NODE 4
:OYIIL
+
SLA
’ FINITE ELEMENT
REPRESENTATION
orosnem Tagm
L = 106 In. N (QUADRATI
ODE 3 "ELEMENTS)
ADDITIONAL
LUMPED INPUT
MASSES NODE 5  yoTioN
Msias

Fig. 15. Computationa) mode! used to study the base connection effects,
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this investigation may be summarized as follows., The time history data taken
from two of the accelerometers for the fourth haversine base pulse applied to
the structure are shown plotted in Fig. 16. The programmed shaker input pulse
Is also shown on this figure. Figure 17 shows the transfer function of the
top accelerometer to the base slab accelerometer for the records of Fig. 16.
This transfer function clearly indicates a strong natura) mode at about 7.7 Wz
which corresponds to the frequency that can be obtained by "counting response
cycles" on Fig. 16. The question the computer mode! tried to address 1s, “how
1« natural frequency influenced by base connections?" A number of computer

b | T T T
I’ ' 15 ms !
-
0.5 —
C,
g BASE SLAB +
g 0
COMMAND
-o'v— ——d
- u-—-dl ms
. “
- | 1 |
“'L 10 s
TIME (»)

Fig. 16. Command signal, base and top accelerometer
records from haversine pulse applied to
TRG-3 at CERL.
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TABLE VII
EFFECTIVE MASSES AND THEORETICAL STIFFNESSES

Effcct1v, Mass Theorotigal Stiffness
M.(1b=s¢/in.) iﬁﬁ:io (1b/in.)*
_ Test Condition = TRG=1  TRG-3 TRG-3
A. Free-free,
modal test 0.350 22.4 2.90 11.61
B. Fixed-free, no
top mass added,
modal or base
excitation 0.395 25.3 1.27 5.09
C. Fixed-free, top
mass added, base
excitation 1.917 122.7 See Table V

* values computed using “design method" (see Appendix A); Kpp = =.

and B. Values of theoretical stiffness determined for the simulated sefsmic
load conditions (base fixed, mass added) are given in Table V. Values o* the
theoretical stiffnesses for the free-free modal test condition and the fixed-
free, no mass added, moda[Ttosts are given in Table VII. All values are com-
puted using Ec - 57.000\fc -« 3.5« 106 pst.

The experimentally determined values of stiffness, for the various test
conditions, are shown in Table VITI, togetner with the theoretically computed
values. The ratios of the experimentally determined stiffnesses (K.) to the
theoretical values Kt) are also shown in Table VIII.

The low-load-leve! static test indicates that

for TRG-1, K' -« 59% Kt; and

for TRG-3, K. « 861 Kt‘

As previously pointed out, in the discussion of the scalability of two struc-
tures, these values seem to indicate that the “"real" concrete structure (TRG-3)
s relatively stiffer than the microconcrete structures (TRG-1). For reasons
previously mentioned 1.e., resolution and frame deflection (pp. 14-17), ve
believe that the value of B86% (ror K./xt. TRG-3) may be too large. In any
case, both structures indicate that, even at very low levels of static load
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TRG-3
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(values given are the slope at the origin of the measured load deflection
curve), the stiffness is less than the theoretical value computed using a
concrete modulus of 57.000*J?: (Y.e., 3.5 x 106 1b/in. in the
structures).

The rfree-free modal test indicates that

for TRG-1, Ke = 45% Kt; and

for TRG-3, K. =« 43% Kt‘

These data may be the most reliable results from the entire test series since
modal frequency can be accurately determined and the assumed free-free boundary
conditions may be more nearly satisfied than the fixed-free boundary conditien,
which 1s assumed 17 later tests. Here again, both test structures show that,
even at very low-load levels, the stiffness is lower than it would be if com-
puted from theory.

Only the TRG-1 structure was tested with fixed-free boundary conditions
and with no added mass on the structure (item C, Table VIIL{). The value of
Ko/Kt of 0.60 (for the modal test) is surprising since it does not fit the
trend of constant decrease in stiffness with repeat 4 testing. The cther two
values (K./Kt » 0.46 and 0.43) obtained when the structure is base excited
are in good agreement with the results from the free-free modal analysis and
would tend to indicate that, with no mass added to TRG-1 on this shake table,
the fixed boundary (nc base rotation) condition is satisfied.

With the steel plates added to the top of the structur~ and with the
structure clamped to the shake table (item D, Table VIII), the TRG-1 structure
appears to suffer further reduction in stiffness, K‘ = 35% Kt' This value
is higher than, but in reasonable agreement with, values (of 25%) reported for
the box-1ike structures tested in FY 1984 (Refs. 3-4). Note that since the
acceleration level is the same (= 0.5 g) In tests 5, 6, and 7 (Tahle IV),
the stress lever in test 6 1s 1.917/0.395 or 4.85* times the stres: level In
tests 5 and 7.

We believe that this further reduced value of K (K. » 35% in test 6 as
compared to 46 and 43% in tests 5 and 7) is the result of the higher stress
level and that this is one of the important characteristics of conciate in

Since stress 1s proportional to acceleration times mass.
4)
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APPENDIX A
SAMPLE OF CALCULATIONS INVOLVED IN THE DESIGN METHOD

The assumptions for this method are as follows:

l. assume an uncracked concrete cross section:

8 use the method of transformed sections to transform steel area to
concrete and compute the transformed bending area moment of inertia
for the cross section, and the transferred effective shear area;

se the strength-of-materials approach to compute the stiffness:
assume the top and bottom concrete slabc are rigid compared to the
cantilever cross section and compute the effective
" Ma0oe0 * Msias * Mprstrisuren and
9, assume that the base is fixed.

\aterial property values used *n these sample calculations are the values

in the original design of the TRG-3 structure, 1.e., E_

."I
10 and masses are th

TRANSFORMED

Generally, this term 1s neglected sin

first bar at ‘I]' distance from the neu

(1) contributes




bar
‘ T—..qo O v v o (»] v v 2 O
o5
Ho [Hy H, 1 1s1 NEUTRAL AXIS _
o g_' B au
L 1
=0 O O + ¢ t v 20 00

B
. . -

Fig. A<1. Cross section of TRG-3 showing the definition
of the distances needed for the transformed
section property calculations.

2 I |
slnAMR-(bM "AMR

2
- 25¢%n ™4~

o 87 o4

z ng*
as compared with ITRANSFOR“:D * 12




om the neutral axis the bar is, the more negligible

that generally Eq. (1) can be written as,

where the factor 2 accounts for symmetry of steel above and below the neutral
axis Proceeding in a similar manner, a formula can be developed for the

§

transformed stee the wing walls




and in this

The effective shear area design value is computed as




AG
e 6 1b_
Ksugar = L = 5.3 x 107 3~

2E 1
-l 8 1b_

Substituting these values into the equation for the total stiffness gives,

6 1b.
KT - ‘.3 X ‘0 1".
To predict the first mode natural frequency we proceed as follows:
PP S
2v UM

In this case, the effective mass was calculated as follows:

M= Maooeo * Msuas * Morstriguten
144 10
3
M ow 11¢§%g:1h ' 1*59%5}9 . T%g R ] iy, 1208 in.2 (90 1n.)
386 186 in.> 386
2 2 1728 2
$ 5 ft3 $

2
Me97.4419.445.9a122.7 1$§3~

Then

4.3 x 10% 18-
foREDICTED = 2+ —a TOREDICTED = 29.8 Haz.
122.7 16%”

The factor (33/140) 1s from the "Rayleigh Method" analysis.
See example 1.5-3, p. 19 of Ref. 10.
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APPENDIX B
A STRUCTURAL DYNAMICS METHOD OF ANALYZING TRG-3

The details of this approach are summarized here. The notation is as

follows:

generalized mass

generalized stiffness

the shape function of the coordinate y

subscript indicating bending

subscript indicating shear

subscript indicating rigid body rotational effect
bending deformation proportional constant

shear deformation proportional constant
rotational deformation proportional constant
a+bec

Tength

derivative of ¢ with respect to y

ground displacement as a function of time

a dotted quantity indicates time derivative,

in this case ground velocity

kinetic energy of the system

potential energy of the system

generalized effective forcing function

torsional spring constant for base slab connections
mass per unit length

rotation movement of inert‘a about base rotational axis

rigid mass (top slab + added weights)
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GENERALIZED COORDINATES (Fig. B-1).

Kinematic relations:

Vgt = Ug(t) + viy,b)
2 viiy,0)
Z z(1)
[ /7 viy <4 4 -4L 7
| f / /
| viyo |/ /
| / [
r | /
| v |
4 i
R ——] I
. ultly t-}x, ~-TORSIONAL SPRING
Fig. B-1. Definitions of the coordinates
used in this analysis.
Assumptions:

viy,t) =« wiy)2(t);

"(y.t) = U
vy.-g

i) . 0,

() + w(y)2(t), and

T O

where y 1s the shape function.



Kinetic energy of the system:
L
ot ] Fa
¥y / 1 m(y)[v (y.t)] 20y + 3982 + ] H[v‘(L.t)]z .
0

Potential energy of the system:
L
1 ! 1 "2 ] ¢
0

Shape function requirements:

1@ys=lL
0Ofy=0

Shape function choice (based on Fig. B-2):

<% & 48 b
f P9 r P PP
| ,' Ii ,/ Il ,I
L | L/ L}
L] , / | I
' By | '
0' !/ "
| ‘ /
‘,J t%
e -—-.--
Py’ K'l
. s _ Py
8. 3E| , ‘ (S.- "A"‘— 6'2-%!,
¥ yeL yod

Fig. B-2. The combination of shapes used to define
the shape function in the analysis.
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3 .
V= V¥g* ¥+ % a("(3 + b f. c f) . The letters a, b, and ¢ are

A

proportionality constants.

»
Clearly,
5 K
a B
™ -
b & K .
q B
I K
. b S 5
e ke
( s, ¥
K <\
If we choose a « 1 and substitute the appropriate values for Re s ‘t‘ b
] )
And ¢ can be determined
s M KT, nrir in)
\ iple
-
/ g y 4 - A + thi f ] wit ] y
’
\ ‘( 4
M/ ¢ K] =
« . aff
. ra ed i




Generalized stiffness:

L L
g [ e,[y;m] 24y + fm. [y;(y)] 24y + kt[v';(o)]
0 0

Generalized forcing function:

L
Pers = Ug(®) f m y(ydy + M
0

These equations are subject to quiescent initial and final conditions:
09<o> . 2(0) = Ogm .« 2f) w0

First mode freguency:

4

1., /K
feoe VN

Carrying out detalls will lead to the following expressions for K and M:

D P
. x| har vy BE
I L )} s L
Mo —mbo |15a2 4 42a(b + ¢) + 35(b + ¢)%] + 2 s o &

Evaluation of ‘torslonal:

If the TRG-3 structure slab 1s assumed to be precompressed onto the table
by the bolt connection system, the torsional spring constant can be approxi-
mated. The further assumptions are that no gaps open between the mode! and
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the table ¢ "ing the test and that the effective
under each bolt/plate connection can be approximated as an axial
the TRG-3 connection, i1t i1s estimated that the product of the comj

area, A and ff are approximately the same as the AE product of bolt

doubling the effective length of each bolt approximately accounts

compression Further, assuming that the TRG-3 structure "rocks" as a rigid
W 8 J ]

body about 1ts neutral axis allows the torsional spring to be calculated as

all
bolts

1s the perpendicular




TABLE B-1
CONSTANTS USED AND RESULTS

Ee Iy “"z f
1b/1in. - = -  (in.) \in. (1b/in.) in. (H2)
3.5 105 1 4.72 6.5 90 2.06 x 10° 2.76 x 105 195.5 18.9
3.0x10% 1 4.72 5.6 90 2.06 x 10° 2.59 x 10° 186.0 18.8
20x10° 1 5.0 4.09 9 2.15 x 10® 2.11 x 10® 165.6 18.0
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