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ABSTRACT

!

This test report is the third for a series of tests carried
out by the Los Alamos 14a t ional Laboratory under the
sponsorship of the United States Nuclear Regulatory
Commission's Division of Engineering. This research
program has a Technical Review Group that recommended test
geometries and sizes for the tests.

The quasi-static load cycle testing of a totally shear-
dominated structure (bending deformation negligible) made
of 6-inch-thick reinforced concrete walls is reported
herein. The background of the program and the results that
led to this series of experiments is first reviewed for con-
tinuity. Next, the geometry of the test structure, the
design parameters,and the construction of the structure,
including the material property tests, are reported. Both
modal analysis and modal testing were done to verify the
undamaged dynamic properties of the structure. Finally,
the results of the quasi-static cyclic testing are reported
in detail.

Results are compared with other investigations and with the
American Concrete Institute (ACI)349-85 code predictions.

,
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STATIC LOAD CYCLE TESTING OF A es..( LOH-ASPECT-RATIO ,

'

SIX-INCH HALL TRG-TYPE STRUCTURE TRG-6-6
(0.27, 0.50)

1

by

Charles R. Farrar, Joel G. Bennett,
H1111am E. Baker, and Hade E. Dunwoody

I. INTRONCTION

Previous work that has been carried out at Los Alamos National Laboratory (LANL)
as part of the Seismic Category I Structures Program for the United States i

Nuclear Regulatory Commission (USNRC) Office of Nuclear Regulatory Research has i

consistently measured reductions in stiffness of four or more in scale models
of low aspect ratio shear wall structures subjected to working loads. In this i

context, working loads refer to load levels equivalent to these experienced by )
a structure during an operating basis earthquake that would produce stresses on
the order of 50-asi average base shear. The models tested thus far have been
made of both macroconcrete and conventional concrete and have been tested
statically and dynamically.

Upon review of these results at the Technical Review Group (TEG) meeting of
April 4, 1986, it was dgcided to conclude the experimental investigation of the
reduced stiffness issue by performing a series of quasi-static load cycle
tests on structures with a cross-sectional geometry simitar to the TRG-3-4
(1.0, 0.56) structure.

The nomenclature used here is as follows:

TRG-No.-Ht (AR,%R),

where.

TRG = the designation for the series of structures designed and tested using
guidance from the program's Technical Review Group, a group of nationally
recognized nuclear structurel experts,

No. - the sequence number in the series,
Ht = the shear wall thickness,
AR - the height-to-length aspect ratio of the shear wall, and
%R = total percentage by area of steel reinforcing in both directions.

See the Background Section for a brief explanation of why the program has*

deviated from initial objectives to investigate the reduced stiffness
,

| issue.

I
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Thus, this letter report concerns TRG-6-6 (0.27, 0.50). The test structures
were to be constructed with different aspect ratios and reinforcement percent-
ages so that variations in these parameters that exist in actual Category I
structures could be taken into account in the experiments and the sensitivity >

to these variables could be identified.

One of the primary purposes of these tests was to determine if, at equivalent
stress levels, a similar reduction in stiffness
has been observed during the oynamic testing., occurs during static testing as j

In addition, the structures
cere to be instrumented so that the contribution to bending stiffness of the
flexural boundary elements (shear walls in orthogonal planes) could be assessed.
The structures were also instrumented so that the shear and bending contribu- |tions to the total stiffness could be measured separately. The separation of '

shear and bending components of stiffness was intended to provide additional '

information concerning the mechanism for the reduction in stiffness.

II. BACKC".0VND

The purpose of this report is to provide the USNRC, the TRG, as well as the
civil structure community with a summary of the principal results and conclu-
sions from an experiment on a very low aspect ratio, 6-in, wall, TRG-type
structure. This structure was iluasi-statically tested as part of the Seismic
Category I Structur(s Program, iowever, for the reader who may be unaware of
this program or who wishes to review the program objectives and history, a
summary will be provided.

The seismic Category I Structures Program is being carried out at Los Alamos
National Laboratory under sponsorship of the USNRC, Office of Nuclear Regulatory
Research, and has the objectivo of investigating the structural dynamic response
of Seismic Category I reinforced concrete structures (exclusive of containment)
that are subjected to seismic loads beyond the design basis.

A number of meetings and interactions with the NRC staff have led to a set of
specific program objectives, which are as follows:

1. to address the seismic response of reinforced concrete Category I struc-
tures, other than containment structures;

2. to develop experimental data for determining the sensitivity of structural
behavior, in the elastic and inelastic response range, to variations in
configuration, design practices, and earthquake loading;

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

Previous comparisons between static and dynamic tests of isolated shear walls,
1/30-scale, single-story, diesel generator buildings, TRG-1-1 (1.0, 0.5) and

'

TRG-3-4 (1.0, 0.56) have, in fact, shown the opposite. That is, the reduction
in stiffness was much more pronounced in dynamic tests than it was in static
tests at similar average base shear stress levels. However, these structures
alth the exception of TRG-3 were all small-scale microconcrete models.

|
2
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4. to identify floor response spectra changes that occur during earthquake
motions that cause elastic and inelastic structural response;

5. to develop a method for representing damping in the inelastic range and to
demonstrate the way in which this damping changes when structural response
goes from the elastic to the inelastic ranges; and

6. to assess how shifts in structural frequency affect plant risk.

A principal characteristic 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 contri-
buted from bending deformation is one or greater. Thus, these buildings are
called " shear wall" structures.

The Seismic Category I Structures Program began in FY 1980 with an investigation
that identified the typical shear wall structure, its characteristics (stiff-
nesses, frequencies, etc.), and areas in which nuclear design firms (Bechtel
Corporation, Sargent & Lundy, and Tennessee Valley Authority (TVA)] felt addi-
tional experimental data were needed. A combined experimental / analytical plan
for investigation of the dynamic behavior of these structures was prepared
(Ref. 1). During the first phase, the program concentrated on investigating
isolated shear wall behavior using small models (1/30-scale) that could be
economically constructed and tested both statically and dynamically. Also,
during this phase of the program, a TRG, consisting of nationally recognized
seismic and concrete experts on nuclear civil structures, was established both
to review the progress and make recommendations regarding the technical direc-
tions of the program. The recommendations of this group have been evaluated in
light of the needs of the USNRC and, when possible, have been carefully inte-
grated into the program,

following the isolated shear wall phase, the program began testing and evalu-
ating three-dimensional box-like model structures. It was recognized from the
outset that scale-model testing of concrete structures is a controversial issue
in the U.S. civil engineering community. Thus, with the testing of small-scale
test structures, a task of demonstrating scalability of the results to proto-
type structures was initiated. The details and results of these investigations
are reported in Refs. 2-6.

To give a brief synopsis of the situation at the end of FY 1984, the proc:, ta
had tested (in addition to the isolated shear walls), either statically or
seismically, 23 different models representing 2 types of strut';ures, a diesel
generator building, and an auxiliary buildir;. -Two different scales ((1/30,
1/10) and (1/42, 1/14)) of these buildings wn used (1-in, and 3-in, walls).
In addition, stories varied from one to three. Although a number of results on
items, such as aging (cure time), effect of increasing seismic magnitude, etc.,
have been reported, two important and consistent conclusions came out of the
data from these tests, first, the scalability of the results was illustrated
both in the elastic and inelastic range. Second, the so-called " working load"
secant stiffness of the models was lower than was the computed uncracked cross-
sectional values by a factor of about 4.

3
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During their rcview, the TRG pointed out the following:

1. Design of prototype nuclear plant structures is normally based upon an
uncracked cross-section strength-of-materhls approach that may or may not
use a " stiffness reduction factor" for the concrete. But, if one is used,
it is never as large as 4.

2. Although the structures themselves appear to have adequate reserve margin
(even if the stiffness is only 25% of the theoretical), any piping and
attached equipment will have been designed using inappropriate floor
response spectra.

3. Given that a nuclear structure designed to have a natural response of about
15 Hz really has a natural frequency of 7.5 Hz (corresponding to a reduc-s

tion in stiffness of 4) and allowing further that the natural frequency
will decrease because of degrading stiffness, the natural response of the
structure will shift well down into the frequency range for which an earth-
quake's energy content is the largest. This will result in increasedw

amplification in the floor response spectra at lower frequencies, and this
p fact potentially has significant impact on the equipment and on the piping
L design response spectra and their margins of safety.

Note that all three points are related to the difference between the measured
and calculated stiffnesses of these structures.

Having made these observations, several questicos arose. Did our previous~

experimental data taken on microconcrete models represent behavior that would
I be observed in prototype structures? What is the appropriate value of the

stiffness that should be used in design and for component response spectra
computations in those structures? Should this value be a function of loadlevel? Have the equipment and piping in existing buildings been designed to'

inappropriate response spectra?

Thus, the primary program emphasis at that time was to ensure credibility of
previous experimental work by beginning to resolve the "stiffnet s difference"

';- issue. The TRG for this program believed that this important 'ssue must be
addressed before the program objectives could be accomplished,

lo addrest these stiffness-related concerns, it was agreed that a series of
credibility experiments was to be carried out using both large- and small-
scale structures. For the large-scale structure, the TRG set limitations on
design parameters. The recommended " ideal" structure characteristics, in order <

- of decreasing priority, Vere as follows:

1. Maximum predicted bending and shear mode natural frequency 130 Hz,
2. Minimum wall thickness - 4 in.,

- 3. Height-to-depth ratio of shear wall 11,
4. Use actual No. 3 rebar for reinforcing.

- 5. Use realistic material for aggregate,
6. Use 0.1%-l% steel (0.3% each face, each direction, i.e., 0.6% total

each direction), and-

7. Use water-blasted construction joints to ensure good aggregate inter-
lock.

<

-
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A prototype "TRG" structure, of the same geometry shown in Fig.1, but having
4-in, walls and an aspect ratio of 1, and designed to comply with these speci-
fications, was constructed using actual batch plant concrete and No. 3 rebar.
In addition, a 1/4-scale model of the TRG structure was constructed with micro-
concrete and M re-mesh rebar and was tested prior to the prototype. Both struc-
tures were test 0d statically (80 psi principal tensile stress for the 1/4-scale.
40 psi for the piototype) and then seismically to failure, or in the case of the
prototype, to mach?ne limits.

REBAR ON 7.25-in. CENTERS
ALL SIX-in. WALLS HAVE No.3
EACH FACE, EACH DIRECTION

d ;?;h,pf f TWO STEEL PLATES
,

yh.[[ e[j 7d;)''
y!
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h M ' 'D 4 q
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m s :& #66 ^ /<cy
'

h p

"R ?Q97 , y>'M
I

,
' [-[s

s

d ' )q s- N

s{
''

| 9' '
1 i sp q6

'hg 's )A
;

I'90 120
' -

O i
2 in. STEEL PLATE .2 p -

HELD IN PLACE BY -) j/
,

0EIGHTEEN 1114 in. BOLT DIMENSIONS IN INCHES /,

TOROUED TO 400 f t/lb

Fig. 1. TRG-6 test structure.

These tests were intended to show that the previously observed reductions in
stiffness were not related to the use of microconcrete a.d that the static and
dynamic test results of the microconcrete models could be scaled to conventional
concrete structures.

During the static tests, the 1/4-scale model, TRG-1-1 (1.0, 0.6), showed results
similar to those of the prototype. TRG-3-4 (1.0, 0.56), for stiffness and
suggested that, for low-level static response, the microconcrete model did an
adequate job of predicting the response of the conventional concrete prototype.
A low-force-level experimental modal analysis performed prior to the seismic
excitation showed stiffness and scalability results similar to those of the
static test.
When the structures were tested dynamically on a shake table, both models showed
reductions in stiffness consistent with previous test data, thus suggesting that
the reduced stiffness could not ba attributed to microconcrete. An extensive

5 |

-
. .



_ _ - _ _ _ _ _ _ ..

analytical investigation was made to determine if the measured reductions in
stif fness found while testing TRG-3 could be attributed to base connection
effects. From this investigation, it was concluded that the base connections
were not responsible for the measured stiffness reductions. The prototype TRG
structure with its added mass was large enough to make reproduction of the
input signal impossible. This input sig al was meant to be a scaled version of
the one used on the 1/4-scale model, but, because it could not be accurately
reproduced (frequency content of the signal was distorted), conclusions con-
cerning the scalability of seismic response between the conventional concrete
prototype and the microconcrete model could not be made. The results of these
tests and the analytical investigation of base connection effects appear in
detail in Ref. 7.

One variable in the TRG-3 test that could not be assessed was the effects ofshipping and handling. The structure was constructed in Los Alamos and shipped
by truck to Champaign, Illinois, for testing. The TRG-4, -5, and -6 structures
were constructed at t.os Alamos and tested with a minimum of hand M.

Stif fness values measured on TRG-4-6 (1.0, 0.25) and TRG-5-4 (1.0, 0.' i) were
repeatable and were almost identical to the theoretical values until the struc-
ture first cracked. The stiffness components attributable to shear and bending
were separated and were found to agree almost exactly with theory. Af'er
cracking, the stiffness degraded during load cycling. The amount of degradation
was found to be a function of previous load history and the amount of reinforce-
ment.

III. REVIEH OF PREVIOUS STATIC TEST RESULTS OBTAINED IN THE SEISMIC CATEGORY I
STRUCTURES PROGRAM

'Previously in this program, measured stiffness values from static and dynamic-
tests have been compared with theoretical values that were determined using a
modulus of elasticity cgiculated from the empirical formula in American Concrete
Institute (ACI) 349-85.0 This empirical formula generally gave a higher value
for the concrete's modulus than was measured from test specimens. In the
following summary ,f previous test results, theoretical stiffness values were
determined using measured moduli as determined from the ASTM standard test.
This investigation is concerned with determining the proper _ values of stiffness
to be used in the analysis of Seismic Category I Structures because it is felt
that the best estimate of actual material properties should be used when experi-
mental results are compared with theory. The previously reported comparisons
between measured and theoretical stiffness do, however, provide information con-
cerning errors that could occur during the design process if material pror.erties
have yet to be measured. Table I summarizes the previous results using.both the
measured and design values for the concrete's modulus.

LL5alAttLStmar Halh

The first static tests were performed on single-story isolated shear walls and
were reported in Ref. 2. Five walls were tested, two monotonically and threecyclically. These specimens were made with microconcrete and wire-mesh rein-
forcement. The amount of reinforcement at the interface of the shear wall-base
and shear wall-top plate was varied with the amount of moment reinforcement in
the form of threaded steel rods located at the ends of the shear wall.:

1
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TABLE I

PREVIOUS STATIC TEST RESULTS

Theoreticaib Theoreticaib
Heasured Ultimatea Stiffness Stiffness
Stiffness Compressive Using Using ACI The Ratio of
8efore Strength Heasured Empirical Columns

Cracking fj- Modulus Modulus
(1b/in.) (ksi) (1b/in.) (1b/in.) 2 3 2

1 2 3 1 1 3

Isolated Shear Halls:

1 0.78 x 105 4.34 1.60 x 106 2.33 x 106 2.05 2.99 0.69
2 0.79 x 106 5.89 2.71 x 106 3.43 1- --

3 1.0 x 105 7.35 1.90 x 106 3.03 x 105 1.90 3.03 0.63
2.752.92 x 1054 1.06 x 105 6.86 ---

5 0.87 x 10' 6.31 1.75 x 106 2.80 x 106 2.02 3.22 0.63 |

|1/30-5cale, 1-Story,
Diesel Generator Buildings:

3D-2 0.76 x 105 2.70 2.25 x 106 2.90 x 105 2.96 3.82 0.78
3D-4 1,74 x 106 3.32 4.82 x 106 6.08 x 105 2.77 3.49 0.79
3D-7 0.92 x 105 2.35 2.45 x 105 2.71 x 105 2.66 2.95 0.90
3D-8 0.80 x 106 2.30 2.36 x 105 2.68 x 10' 2.95 3.35 0.88
3D-9 1.67 x 105 2.69 4.62 x 105 5.47 x 106 2.77 3.27 0.84
3D-10 1.14 x 106 3.27 3.19 x 106 2.80- --

3.383D-11 0.92 x 105 3.09 3.11 x 105 ---

3D-12 1.23 x 106 2.05 2.53 x 105 2.06- - -

30-13 0.88 x 10' 2.04 2.52 x 105 2.86- --

3D-19 0.80 x 106 4.70 3.83 x 106 4.79- --

3D-20 1.08 x 106 4.30 3.22 x 105 3.65 x 105 2.98 3.38 0.88

TRG-1 0.75 x 10' 3.77 1.2 x-105 1.3 x 105 1.60 1,73 0.92

TRG-3 4.4 x 106 3.81 3.0 x 105 5.0 x 106 0.68 1.13 0.60
TRG-4 8.5 x 10' 4.15 8.4 x 105 9.6 x 10' O.99 1.13 0.88
TRG-5 6.9 x 106 5.03 6.8 x 105 7.1 x 105 0.99 1.03 0.96

aihe empirical modulus, Ec ,is57,000k,andthemeasured

modulus, Ec,, can be computed by the following formula:

E "0' gC-
fStiffnessCol.,2)

C Stiffness Col. 3/
m

' b ased on the gross section.8
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All specimens remained essentially linear up to a 1 cad producing an average base
shear stress (ABSS) of 200 psi and a principal tensile stress (PTS) of 600 psi
or more. The load at first cracking, as predicted from a strength-of-materials
approach, agreed very well with the measured cracking strength of the walls and
the average split-cylinder tensile strength of 666 psi. Also, when the walls
tere subjected to repeated load cycles below the first-tracking load, there was
no evidence of stiffness deWation or evidence of increase in the area of the
hysteresis loop for a giver ~ y level. Above the first-tracking load, stiff-
ness degraded and the area ' n ' hysteresis loop increased with increased load
and more cycles at a constant load. The ultimate strength of the walls exceeds
the provisions for shear capacity as determined by ACI 349-85,11.10. The
measured stiffnesses in the linear region were down by a factor of 1.90 to 2.05
from the calculated uncracked cross-section stiffness, as determined by using a
measured modulus.

When normalized to a common modulus of elasticity, these static stiffness values
can be compared with those measured indirectly during sine sweep and simulated
seismic tests of similar models. At force levels that were 10% of the load
required to produce first cracking in the static test, stiffnesses measured
during both the sine sweep and simulated seismic tests were reduced considerably
from the static tests and even further reduced from the calculated uncracked
cross-section value. The " sine-sweep values" and seismic resonant frequency
values were reduced on the average by a factor of 2.6 and 2.0 from the calcu-
lated uncracked value, respectively. This reduction suggests that stiffness
values were down on the average by a factor of 6.95 and 3.85 from the calculated
uncracked value, respectively, and down by an average factor of 2.93 and 1.86
from the average measured static value.

E. 1/30-SCAlb Single-StorymDiesel Generator Buildingt

Eleven 1/30-scale, single-story, diesel generator buildings were statically
tested to failure and are reported in Ref. 3. Ni.10 models were tested mono-
tonica11y, eight in the transverse direction, and one in the longitudinal
direction. Two models were tested cyclically, one each in the transverse and
longitudinal directions. These specimens were all made with microconcrete and
wire-mesh reinforcement. Other than the direction of applied load, the only
parameters that were varied in these tests were the amount of cure time each
model experienced prior to testing and the embede.ent length of the reinforce-
ment into the base of the structure.

As with the isolated shear walls, all specimens remained linear up to the load
that produced visible cracking. This load produced an ABSS on the order of 200
psi and a PTS on'the order of 340 psi. At a given load level below the first-
cracking load, the area under the hysteresis loop remained constant when the
load was cycled hnd the stiffness remained constant. Above the cracking load,
stiffness was again observed to degrade and the area of the hysterests loop
increased with either increases in load level or with increases in the number
of - load cycles. The load at first cracking was in good agreement with the

| value predicted from strength-of-materials and the measured tensile stress of
the concrete. Provisions for the shear capacity of the walls from ACI 349-85

| were exceeded. Stiffness based on a secant from the origin to half the ultimate
| load was down by factors ranging from 2.7 .to 3.0 when compared with the calcu-

lated stiffness based upon an untracked cross section and a measured modulus.

1
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When similar models were tested dynamically with a 0.5-g's peak acceleration
random input, producing an ABSS of 6.3 psi and a PTS of 10.6 psi, the models
were again found to behave with resonant frequencies that were a factor of 1.7
to 1.95 below theory, thus suggesting that stif fnesses were down by a factor of
2.9 to 3.8 from the strength-of-materials prediction made using a measured
modulus.

It should be noted that the moment of inertia used in the calculated stiffness
value considered the entire er.d wall to contribute to the flexural stiffness of
the shear wall, and the modulus of elasticity was based upon the measured
values. No effect from cure time or embedment length was observed.

C, TElypelt.r.9ttuni

TRG-3 and the two 1/4-scale models of it, TRG-1 and -2, were tested statically
and monotonically at low-load levels that produced an ABSS of 28 psi and a PTS
of 40 psi on TRG-3 and an ABSS of 53 psi and a PTS of 80 psi on TRG-1 and -2.
These tests were repeated several times and were intended to identify the ini-
tial stiffness condition of each model while introducing a minimum amount of
damage into the test structure. TRG-3 was constructed with conventional con-
crete and No. 3 rebar and TRG-1 and -2 were made with microconcrete and wire-
mesh reinforcement.

TRG-3 showed a measured stif fness up by a factor of 1.47 from the untracked
cross-section stiffness and TRG-1 showed a reduction of 1.60 from the theorett-
cal stiffness. In both cases, the theoretical stiffness was computed with a
measured value of Ec. However, the measured modult)s for TRG-3 was consider-

psi compared with
ably les))than the ACI empirical modulus (2.1 x 100TRG-2 was found to have significant shrinkage cracks, and results3.5 x 100
from this model were not considered representative. When properly scaled, the.

static stiffness values for the two models were in good agreement, showing that
stif fness can be scaled from microconcrete to conventional concrete in this
low-load level region.

When TRG-1 was subjected to a 0.5-g peak acceleration randum input, it responded
with a stiffness that was down by a factor of 2.6 from theory (as inferred from
a resonant frequency that was a factor of 1.6 below theory), even though this
excitation produced only 16.3 psi ABSS and 16.6 PTS. Similar stiffness values
were obtained during a 0.5-g peak seismic test. TRG-3 responded to a 0.73-g
seismic test with a stiffness that was down by a factor of 4.0 from theory at
an ABSS of 91 psi and a PTS of 92 psi.

TRG 1 and TRG-5 were tested statically to failure in a cyclic manner. These
structures exhibited repeatable linear response with stiffnesses that were
almost identical to theory until first-cracking. For TRG-4, first-cracking
occurred when an ABSS of 131 psi and a PTS of 171 psi was reached, and for
TRG-5, cracking occurred approximately at an ABSS of 167 psi and at a PTS of
227 psi. "Approximately" is used with the TRG-5 value because an unplanned
load excursion prevented the actual value from being recorded. The components
of stiffness attributable to shear and bending were separated, and these com-
ponents also agreed with their respective theoretical values. After cracking,
the structure again behaved in a linear manner when loaded to levels that did
not exceed the peak load during the first-cracking cycle. During these cycles,
the stif fness was down by a factor of 2, with the loss occurring equally in
each component of the stiffness.

9
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IV. TRG-6 MODEL CONSTRUCTION AND MATERIAL PROPERTIES

A primary concern in construction of this model was that it be subjected to a
minimum amount of handling once it was built, which would eliminate damage t

caused by handling as a possible source of any measured reduction in stiffness.
To alleviate this concern, the model was constructed in place on the base of
the load frame that was to be used in the cyclic testing. The load frame wasdesigned to minimize base deflections. The frame was located in an indoor test
facility so that construction, concrete placement, curing, and testing of the
model could be performed in a controlled environment.

The reinforcement in both the shear walls and end walls consisted of No. 3
(3/8-in. diam.) rebar with a specified minimum yield strength of 60,000 psi.
The bars were spaced at 7.25 in, on center near each face of the wall, pro-
viding two layers of reinforcement, As shown in Fig. 1 , a minimum 1.0 in, of
cover was provided for all reinforcement. This exceeds the cover requirements
of ACI 349-85, 7.7 for interior walls but did not meet the required 1.5 in.
cover for exterior walls.

Unless otherwise stated, compliance witg a section
.

'

of ACI 349 implies compliance with the same section in ACI 318. 3 The top
and bottom slabs were heavily reinforced with two layers of No. 4 rebar spaced
at 6 in. on center.

Prior to placing the concrete.16 Eaton weldable strain gages were attached to
the reinforcement at the locations shown in Figs. 2-4. The gages were wrapped ;
with fiberglass tape to prevent damage during compaction and damage caused by
moisture.

Next, form work was put into place on top of the load frame base. The entire
interior wall forms were made of Plexiglas so that the concrete placement and
compaction could be visually monitored in this structurally critical region.
The concrete was placed on July 30, 1987. The concrete mixer arrived at 8:10A.M. and contained 5.5 yards of concrete. Slump from this truck was measuredper ASTM C14310 and found to be 2.25 in. Fourteen gallons of water wereadded - to bring the slump up to 3.75 in. This batch of concrete was used topour the entire structure. Mechanical vibrators were continually used to
compact the concrete, fourteen standard 6-in.-dia by 12-in.-high concretecylindo
C172-82g-andC31-84,12were taken during the middle of this placement, per ASTM standards

The concrete was specified as minimum 3500-psi ultimate compressive strength.
Five and one-half sacks of cement were used per yard of concrete, and the
cement was Ideal type 1-2 low alkali. . The course aggregate was 0.75-in.
maximum, crusher run, Rio Grande river rock 6nd the fine aggregate was No.-4
sand with gradation conforming to ASTM C33-85.13

The test cylinders were removed from their forms and were placed in a curing
chamber approximately 80 hours af ter they were poured. They remained in the

;

chamber for the next 38 days. Forms were lef t on the model until August 29,
30 days after the model was poured. Exposed surfaces (tops of both the top and
bottom slab) were kept moist and were covered with tarps during this 30-dayperiod.

1
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Fig. 4. Strain gage locations for the shear wall.
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The test cylinders were taken to Albuquerque Testing Laboratories (ATL), where
they were tested on September 12, 1987. To avoid damage to the specimens while
they were in transit to Albuquerque, a foam-lined transportation box was con-
structed and foam was placed between each of the individual cylinders. Tests
included ultimate compressive strength (ASTM C39-84),14 modulus of elasticity
(ASTM C469-83),15 split-cylinder tensile strength (ASTM C496-85) 16 and
density. Six specimens were tested for ultimate compressive strength and
modulus of elasticity, and four specimens were tested for tensile strength.
The specimens were weighed to the nearest 0.01-lb. Results of the tests are
summarized in Table 11 and the report from the testing lab is included as
Appendix A. Errors were made by ATL in computing the modulus of elasticity;
hence, the plots in Appendix A have a line with the slope equal to the modulus
computed by los Alamos drawn tangent to the measured data. Also drawn on these
plots for comparison is a line from the origin with a slope equal to that
modulus reported by ATL.

TABLE II
MEASURED MATERIAL PROPERTIES

a b c
ultimate Tensile Modulus of d 3 d"' M Compressive strength Clasticity s7,000k 33w /2 g

(tb/fi ) strength (psi) (psi) (psi) (psi) C (psi)
C

!! !! !

nmmamo n:: p a:r:::n:nja jm.
EYoi"eLileM* deters nedE ES'3@e$,e.5.U*d

.

On August 24-25, 1987, Luke snell, a faculty member at Southern Illinois
University and an experienced independent consultant in the field of ultrasonic
testing of reinforced concrete structures, performed an ultrasonic test on
TRG-6. He began by visually inspecting the model for surface cracks and voids;
none were found. Next, he calibrated his testing equipment with a standard
steel specimen and proceeded to test the 6-in.-diam by 12-in. long test speci-
mens. The test consisted of applying an audio pulse to the end of the specimen
and measuring the time required for that pulse to travel over the distance of
the specimen. From this information, the speed of sound in the concrete can be
estimated and defects in the concrete can be identified when the speed is
altered because the sound wave cannot travel across a void but, rather, must go
around it. The cylinders from this mix showed no significant difference in
pulse speed. Pulse velocities were determined at 34 locations on the model,
and the results are summarized in Table III. From these results Mr. Sncil con-
cluded that the model showed no signs of defects and that material ;rcperties
determined from the cylinder test specimens should be indicative of the proper-
ties of the TRG,6 structure. Mr. Snell's test data is included as Appendix B.

Other investigations (Ref. 17) have correlated the speed of sound in concrete
to the static modulus of elasticity. However, these investigations do not
specify the type of static modulus, that is, initial tangent, secant to 407 of
ultimate, etc. A similar correlation, made by interpolating between the data
points in Ref.17 with the results of Mr. Snell's test, would yield an average

6 psi for the TRG-6 structure.modulus of 3.56 x 10

12
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TABLE III
ULTRASONIC TESTING OF TRG-6

-

Cylin ters Shear West End East End Top Base
Hall Hall Hall

_
Average Pulse

. Velocity (ft/s) 14,100 13,900 13,400 13,700 13.100 -

V. MODAL TESTING AND RESULTS

The first test performed on the TRG-6 structure was a low-load level experi-
. mental modt.1 analysis. This test was used to characterize the initial stiffness
of the model without introducing damage and to demonstrate that the dynamic
properties of the structure could be accurately measured at very low-load
levels. e test configuration consisted of simulating free boundary conditions

L by supp .ing the model with five air bearings. Free b('Jndary conditions were
chosen because they can be most accurately compared with analytical results

_

from finite element analysis (FEA).

A 300-lb. peak force shaker was attached to the Northwest end wall 4 in, from
the bottom. A transducer, located between the shaker's stinger and the model,
measured force as the input quantity. A random excitetion signal with a uniform
power spectral density between 0 and 250 Hz was used to drive the shaker.
Acceleration response was measured in three orthogonal directions at 76 points
on the structure. The measurement points are shown in Fig. 5. The excitation

.

was applied at Pt. 2 in the Y-direction,

ndeformed Structure TRGS-6(0.27,0.50)
-

[
,

'

_-

10/ /41 /
, / f| // /p

// =

/' /r

Fig. 5. Acceleration measurement points for the ex-
perimental modal analysis. Data were taken
at each line intersection (76 points).
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The force input and acceleration responses were recorded, transformed into the
frequency domain, and analyzed with a commercially available experimental modal
analysis software package. Coherence functions showed that the 300-lb shaker
had only enough force capacity to excite the structure at its resonant frequen-
cies. The frequexy domain representation of the input and response was used
to calculate a set of frequency response functions. Typical examples of the
frequency response functions are shown in Figs. 6 and 7 and correspond to
responses measured at Points 41 and 10 in the Y and Z direction, respectively.
From these plots, resonant frequencies can be identified fr 1 zero crossings in
the real portion that corresponds to peaks in the imyinary portion. Five
resonant frequencies and corresponding mode shapes were experimentally identi-
fled between 0 and 250 Hz.

TRYAG,117
41 Y /2 Y XI: 9.000 Yl 35b.42u X2 258.905 Y2 42.57u

l.25m

5
Ln >

|

w- m

g$ i

-

* 'Sm g ,, , ' e.800 Yli 8 e[ x2 N5 8. ess' v2 3.79w
'

;
~

in >

W - ~ n - --

u

!'
-

I'-l.6Be ' ' ' ' ' ' ' '

e.se FRc0 (25 H /Div) 255.90

Fig. 6. Frequency response function Pt. 41Y/2Y.

| A finite element analytical modal analysis was also run for comparison with the
'

experimental modal analysis. Half the structure was modeled with free boundary
conditions at the base and appropriate boundary conditions applied along the
plane of symmetry so that all modes below 250 Hz could be identified. The
undeformed mesh and the first three modes are shown in Fig. 8 and a direct
comparison between an experimental and FEA mode is shown in Fig. 9. Average
measured material properties were used in these calculations (modulus of elas-
ticity of concrete - 3.45 x 100 psi). A comparison of the corresponding
analytical and experimental resonant frequencies is presented in Table IV.
The mode that showed up in the FEA but did not show up in the experimental
modal analysis was not sufficiently excited by the amplitude and direction of

|the applied excitation. A larger shaker and/or change in the direction and i

location of excitation would have identified these modes. However, it was felt
the objectives of the modal testing were accomplished with the one excitation
location.

14
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Fig. 7. Frequency response function Pt.10Z/2Y,

Based on the fundamental frequency and noting that

I 2 k

(I
mnsa mtuund_

kcalculated / calculated

where f is frequency, and K is stiffness, a comparison can be made oetween the
low-load level dynamic stiffness and the calculated stiffness from FEA. The
measured stiffness as a percentage of theoretical is summarized for various
moduli values in Table V.

Finally, by adjusting the modulus in the finite element analysis so that the-
fundamental frequencies match the measured fundamental f r equency, one can
indirectly estimate the actual modulus of the concrete in the TRG-6 model. The
value of Ec that made the FEA agree with the measured fundamental frequency
was 3.53 x 106 psi, close to tha value that was determined from the material
testing.

The results of the experimental modal analysis show good agreement with the
analytical modal analyses and seem to verify that the initial stiffness was
very close to theoretical. When examining the results, it should be remembe'ed
that, if nonlinearities due to cracking or volds did exist, they would produce
excitation amplitude-dependent response in the structure and, at the load levels
used in this test, the effects of these nonlinear 1 ties might not appear.-

15
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The lif ting of the TRG-6 structure for air-bearing placement during the modal
analysis was the only handling of the structure during the entire testing
sequence.

.

VI. STATIC TEST SETUP AND LOAD SEQlJENCE

_

After the modal testing was complete, the structure was bolted to the load
f rame base (fig. 1). Two 2-i n . -t hi c k steel plates were placed on top of the
base, grouted level, and thirty-six 1.25-ir.-diam steel bolts were placed

through the plates in an attempt to obtain a fixed-base boundary condition.
I The bolts were torqued to 400 ft-lb. Next, the two 6-in.-thick steel plates

I (fig. 1) were placed on top of the model, grouted level, and held in place
by thirty-six 1.25-in.-diam ; teel bolts torqued to 400 f t-lb. Because the load
was to be applied by a force acting on the bottom 6-in.-thick steel plate, the
connection of these steel plates to the concrete slab was designed to provide a
friction connection and to produce a distributed load over the top of the struc-
ture. This type of loading would be more ir.di cati ve of that introduced by a
seismic event.

The load f rame was then assembled around the model and an instrumentation frame~

was also assembled around the model and independent from the load frame.'

Twenty-f our Ono-Sokki EG-233 displacement transducers were placed on the model
and on the instrumentation frame (Fig. 10). Ten gages were mounted on the
model itself, providing relative displacement readings that were independent of
a rigid body rotation and translation. Of these ten, eight were located on the

' shear wall and were used to obtain the readings necessary to separate shear and,

bending components of displacement. Overall structural deformations, including

rigid body motion, were monitored with the remaining 14 gages attached to the
load frame. These external gages were also used to measure torsional motion,
sliding shear at the base of the structure, and the relative displacement

_ between the steel plates on top of the structure and the top concrete slab.-

Two dial indicators were used to measure the displacement of the bottom steel
plate relative to the top concrete slab. These gages were used to give an
inditation that a friction connection was obtained.

An ENERPAC hydraulic actuator was used to load the structure, and force input
was monitored with a load cell located between the actuator and the steel
plate. At specified load increments, the strain gages, displacement trans-
ducers, and load cell were scanned with an HP 3497A data scanner and were

- recorded onto floppy disks by an HP 87 computer. After some initial low-level,

tests to check out the inst umentation, the load history shown in Figs, 11 and
- 12 was followed until the structure cracked. Each integer on the horizontal

axis in Figs.11 and 12 represents a point at which the data were scanned. In
previous tests of our microconcrete structures, it was assumed that repeated
cycling at low-load levels would not degrade the structure; thus all of the
micrcoconcrete structures tested dynamically were characterized by exciting
them with narrow-frequency-band random signals and by using the transfer

[ function method to obtain their natural frequencies. The assumption was made
that numerous cyc les below Pn " additional damage" threshold would not degrade
the structural stiffness. In an attempt to verify this assumption, at three

points in the load history, the structure was cycled numerous times to see if

17
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.

TA8LE IV

COMPARISON OF EXPERIMENTAL AND
ANALYTICAL MODAL ANALYSIS

= RESULTS

FEA with
Measured

Mode Experimental Modulus

1 92.9 91.8
2 .123.4 125.1
3 136.4 134.9
4 179.2 172.6

-

5 208.8 196.2
6 206.1

*
Not identified.
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TABLE V

THE RATIO OF THE HEASURED FREQUENCY-INFERRED
STIFFNESS TO THE STIFFNESS CALCULATED 3Y

FINITE ELEMENT ANALYSIS USING
VARIOUS VALUES OF Ec

33wb(- S7,000 8' EMeasured E
-

c c c g

~K /K 1.04 0.92 0.90
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O DISPLACEMENT, FIXED REFERENCE:

w FOUR GAGES CORRESPONDING
TO THESE ON THE OTHER END

x FOUR GAGES CORRESPONDING
TO THESE ON THE OTHER SIDE
OF THE SHEAR WALL

Fig. 10. Location of the displacement
transducers for static testing.

stiffness would degrade. During these repeated cycles, only the peak displace-
ments and zero load displacements were measured. The complete load reversals
shown in this load history were intended to represent the cyclic forces induced
in a Seismic Category I Structure during seismic excitation. The breaks in the
load history at the end of a cycle were the result of zeroing the hydraulic
actuator before the start of the next cycle. These discontinuities were
accounted for in the final data reduction. 19
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- The load cycling began with three 50-psi ABSS cycles followed by sixty 50-psi-
peak-to-peak cycles. Next, three .100-psi cycles were performed, followed by
thirty 100-psi peak-to-peak cycles. This we followed by three 150-psi cycles,
three 700-psi cycles, and fif ty-nins 200-psi peak-to-peak ~ cycles. Finally,
three cycles were done .at 261-psi peak. Two-hundred sixty-one psi was chosen
because of an overload that occurred during the sixtieth 200-psi peak-to-peak
cycle. For 200 psi and up, the control of the pump for the actuator is very
sensitive.

VII. RESULTS

The. displacements that occurred during the iower-load cgles (50-psi and 100-psi
ABSS) wet e expected to be and were found to be near the resolution of the
relative displacement measurement system. The vertical relative displacement
gages Mc measured deformations over a 16-in, gage length, gave readings that

10

, ,



,

; 9

c- i i- -

20 , i -- ; i i -
-

pfMf! I

g

fiB ; i

hE{ }hh '

d ph%hf; ,

, $. (. '. r
.

, . .: h
.,.

l' ~' 'l'' '' ' '
'

-2.0 C-- ' *- l -- '

O 15 0 300 450 600 750 900 1050 1200 1350

LOAD STEP

Fig. 12. force versus loTd step history,'

were at or near the gage's least count. These gages attempt to measure ber j

deformations that are calculated to be 2 orders of magnitude lower than -5:. ear
deformation in this' structure. Because of these very small' bending deforma-
tions, the stiffness values were based upon the diagonal relative displacement
readings, and these displacements were considered accurate only when the-
diagonal gages were being compressed. The accuracy -of the measuring system
ger.erally depends bpon the Ono-Sokki return spring overcoming any friction when
t:ie gage is in tension. A= with previo1s tests on TRG-type structures, the
displacement values determined from the diagonal gage readings represent- the
displacements at the end of these gages relative to the bottom end of these

The displacement' field over this region may be nonhomogeneous; hence,gages.
tne displacements computed in this manner represent an average value for the
wall.. The raethod for computing the horizontal displacements is illustrated in
Fig.13 and, with the instrumentation used in this test, theoretically, four
valves of horizontal displacement could be determined and a araged. However,

only two of the diagonal gages gave consistent readings. Because the vertical
relative displacement gages were not giving significant readings &RB in Fig.13
was taken as zero in the data reduction. Figures 14-18 show the horizontal
component of displacement, as determined from one of the diagonal gage readings

-21
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(Gage 24) for the 50-psi, 100-psi, 150-psi, and 200-psi ABSS cycles, respective-
ly. Cage 24 appeared to give the most reliable readings of the four diagonal

; gages.

[ During the 50-psi,100-pti, and the first 150-psi ABSS cycle, the measured data
1 indicated an average stiffness of 58.2 x 106 lb/in. The structure cracked

during the second 150-psi cycle at an ABSS between 140 and 150 psi. Cracking
was identified by the significant jump in the strains measured on the vertical

' reinforcement in the shear wall, as well as by visual inspection of the shear
wall. Figure 19 shows the strain readings for Gage 9 (see Fig. 3) during the
last 15 peak-to-peak cycles at 100-psi ABSS, the three 150-psi cycles, and the
three 200-psi cycles. Af ter the structure cracked, the stiffness reduced to

44.5 x 106 lb/in, during the 200-psi cycles and reduced further to an average
value of 35.9 x 106 psi during the 261-psi ABSS cycles. At this point, the

capasity of the hydraulic load pump in tension appears to have been reached.

The peak-to-peak cycles at 50 psi and 100 psi showed repeatable response and no
deterioration in stiffness. These cycles can be seen in Figs. 20-21. Repeat-
able response was again observed during the 200-psi peak-to-peak cycles, but at
a reduced stiffness. The 200-psi peak-to-peak cycles are shown in Fig. 22.
Damage during the 261-psi overshoot during the last 200-psi peak-to-peak cycle
can be identified in Fig. 23 by the distinct change in slope that occurred at
the end of the cycles.
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Prior to cracking, TRG-6 responded with a stiffness that was about 20% higher ithan the strength-of-materials prediction that uses only the shear wall as I

being effective in carrying the shear. This value would be about 10-12%
higher that, a 3-D finite element analysis would predict. These differences

,

'

indicate that the end walls are partially effective in carrying the shear.
The stiffness values measured during the static testing were not considered
unreasonable, if the magnitudes of the displacements being measured are con-
sidered (< 5 mils). Conclusions about the effectiveness of the end walls
in bending can only be implied from the displacement measurements because the
bendin] deformations are so small as to be immeasurable with the displacement
gages. However, a strength-of-materials calculation indicates that a peak
strain of about 8 microstrain would be recorded in the end-wall strain gages
for the 100-psi cycle. Figures 24-28 show the. strains recorded in the rebar
across the east end wall are about this value and are remarkably uniform. Such
agreement and uniformity indicate the end walls are nearly fully effective in
bending.

10 0 ~. i '
"y

IN:
Bo 'y,,

''y o

9 *sx 2.0 y*

N
3 2.0 - *

-y
'

,N,, ,

4l t>

*; g"

,

"
i i ig

4 2 o 2 4

SEAIN X 10 * ON/lN), GAGE 12

Fig. 24. Vertical strain in Gage 12,
'second 100-psi ABSS cycle.-

'

Analytical-stiffness values, based upon these relative displacement readings,
were determined from .2..'gliano's Theorem. By examining the free-body diagram, . -

in Fig. 29, the expr w. a for internal strain energy stored in the structure
between the section A-J cond B-B can be written as

L L

E N fj+U- dx + dx [1],

o o
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wh6re

U - internal strain energy, c

H - moment at section A-A,
P - shear force at section A-A,

6 - imaginary unit load,
E - concrete modulus of elasticity,
I - cross-sectional moment of inertia, includas entire end wall

but neglects steel,, '
<'' G - shear modulus,

Ae
.- effective shear area,-and |
.

~L- - length of the wall between. planes A-A'and B-B. ;

i

Using standard procedures described-in Popov,18 the horizontal disolacement
of the structure at plane A-A relative to plane B-B can be determined and the ;

i' stiffness of this portion of the structure can be expressed as

di ;

IK-
'

ht' + d_ + _L_
2E! 3EI AG

e ,

1

i
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This total stiffness may be decomposed i.nto a bending component and a shear com- |ponent yielding
i

l

Wi

K , and
B 2L' + 3hl 8

KM. '

g t

1
!

Tatde VI summarizes the various stiffness values that could be obtained for this
test structure, depending upon how effective the end walls are assumed to be
and also depending upon whi.h value for modulus of elasticity is used.6 For this
shear-dominated structure, the range is fairly narrow (from 48-55 x 10 psi),

TABLE VI
TRG-6 THEORETICAL STIFFNESS VALUES '

(Neglecting Reinforcement)

Homent of $ 5'1 rcl -
33w ultrasonic

_Inttilt \ 3dLI lD' psi 3.90 x 10' nit 3.82 x 10' D31 3.2 x 10' p.11
-

Full section Ky - 47.7 x 10' 53.9 x 10' 52.8 x 10' 49,2 x 10' +2.78 x 10' in' Kg = ' 2.92 x 10' 3.30 x 10' 3.23 x 10' 3.01 x 10'
KS = 48.5 x 10' 54.8 x 105 53.7 x 105 $0.1. x 108

-- . - '

iACI T Deam Ky . 45.7 x 105 $1.6 x 108 50.6 x 105 47.1 x 105 :J7.46 x 105 in' Kg . 7.83 x 10' 8.86 x los 8.67 x 10s 8.08 x 10'
Ks - 48.5 x 106 -54.8 x 105 53.7 x 10' 50.1 x 10'

~

heglect Flange Ky - 43.0- x 10' 48.7 x 108 47.7 x 105 44.4 x 10'
'

3.645 x IOS in' Kg . 3.83 x 108 - 9.33 x 10s 4.24 x 108- 3.95 x 10'
KS = 48.5 x 10' 54.8 x'10' 53.7 x 108 50.1 x 105-

-

,

/VIII. OTHER INVESTIGATQR$' RESULTS
'

:

Figures 30-32 provide a summary of the available static test data for low-
o aspect-ratio reinforced concrete shear walls. These figures compare other

investigators' results and the results obtained in the Seismic Category I
-Structures Program.

The 'me3sured secant stiffness vs. theoretichi (SOM) sti f fness is plotted in
I Fig. 30 before first cracting.. Most test' data on actual ccvrete test speci-
; mens., including the. structure tested in this investigat.on, indicate that,

'

prior'to cracking, an SOM analysis gives an accurate prediction of the shear
wall's - sti ffness. Microconcrete, however, seems to show a considerableg

|
32 '-
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reduction in stiffness prior to the first-cracking load. There are several
investigations of actual concrete structures that show similar reductions in
stiffness prior to cracking, as wore observed in the Los Alamos microconcrete
models.

Figures 31 and 32 compare the principal tensile strength at first-cracking
with the split cylindu'. tensile strength and ACI 349's empirical tensile
strength value of 4 /f respectively. These figures show that TRG-6

-crackedatstressleveIs,similartothepreviousTRGstructures. Data for
Figs. 30-32 were obtained from Refs. 2.3,6,7, and 19-25.
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Fig. 3?. Comparison of other investigators' results with
TRG-6 results; principal tensile stress at first
cracking versus ACI-349 principal tensile strength.a

IX. CONCLUSIONS

One of the primary purposes of this test was to determine if, during a carefully
monitored static load cycle test, a stiffness reduction of 4 would occur at
similar load levels as have been observed in dynamic tests. During the pre-
cracking load cycles and the low-level modal analysis, no stiffness reduction ;

was observed, and the measurements indicated a stiffness slightly . higher than
theory would predict. The precracking response of the structure was accurately
predicted with currently used linear analysis techniques based on strength of-

Mterials theory. These same techniques would not have adequately predicted
die dynamic response of structures previously tested in the -program, even
though stress levels during the dynamic tests were well below those predicted
to crack-the structure.,
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Based upon the quasi-cyclic testing of TRG structures 4, 5 and 6, it is readily
apparent that carefully handled structures tested fairly " green" (i.e., unaged),
are uncracked, and can be accurately r edicted by strength-of-materials theory.

The most likely cause of thr, reduced stiffness that has been measured in this
program is concrete cracking. The source of this cracking has probably been
(in our tests), a combination of several causes that include handling and
transportation loadings 'n the early tests, aging (curing), shrinkage, and,

other time ef fects, and the construction imperfections and material variability
that exist in all fabricated structures. However, we generally believe that
the same cracking effects exist in real reinforced concrete structures because
of many of the sama reasons (handling and transportation loadings can be
replaced by "differentic! settlement"). At least two courses of action should
be pursued to further investigate this ef fect. First, if at all possible, data

should be obtained from an actual nuclear plant structure. The instrumentation
and testing should be desir,ned to look particularly for this effect. Second, a
" consequences" program shoJ1d be initiated to see if any equipment will be
affected by the frequency shif ts and stiffness reductions measured in this ,

program. Finally, the current method of treating these structures using an
uncracked cross section for determining the structural element parameters and
resulting floor response spectra should be re-examined and more realistic guide-
lines established to cover the effects. Los Alamos is working with professional
society committees in this re-examination.
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Client: Los Alamos Labs
Project No. 531-70177
Project Name: Concrete Testing
Date: September 26, 1987

REPORT OF SPLIT TENSILE TESTS,

TRG #6, Truck No 1

Cylinder Unit Split tensile
Numbel- Weight (pcf) Strength (psi)

1 141.3 355

2 141.6 420

3 140.6 380

4 142.3 360

Average: 141.5 380
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JLUKE M. W
A SNELL P.EJ

gj@j?2$ CONSTRUCTION & MATEPlALS CONSULTANT 2gFcutng2

September 3, 1987

Joel Bennett
Los Alamos National Laboratory
MS J576
Los Alamos, NM 87545

Subject: Inspection of TRG-5 and TRG-6 Modelo
Los Alamoc National Laboratory
Los Alamoc, New Mexico
Our Job No. LS87-354

Gentlemen:

The writer hac completed the incpection of the above
referenced models. The purpose of this inspection was to
determine the uniformity of the concrete and to determine if the
concrete contained flaws. Thic report documento our findings.

On August 24 and 25, 1987, the writer examined the TRG-5 and
TRG-6 models. The examination concisted of two separate
inspections. The first was a visual inspection ucing hand-held
magnifying glacces. The second inspection was to determine the
velocitico of ultrasonic wavec through the concrete.

?he velocity of the ultraconic wave was determined by
measuring the wall thicknece and measuring the time for the
ultrasonic wave or a pulce to travel f rom a sending transducer,
through the concrete to a receiving transducer; the velocity of
the ultraconic wave or the pulce velocity was then calculated by:
pulce; velocity = distance divided by time.

Pact experience and research- has chown t hat- - the pulce
velocity value can be related to concrete strength and the static

| modulus of elacticity. Also, if the pulse velocities are'

relatively uniform, then the concrete is accumed to be of uniform
quality and without flaws.

l

!
The equipment ic generically called pulce velocity

equipment. Our equipment to manuf actured by James Electronic
Company and is called the V-meter. The testing of each model
will be discucced separately.

1
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Model TRG-5

During our testing the following was determined:

1. The visual inspection indicated that the model had
several internal and external voido that had been
repaired. Several of these repairc appeared to be
satiofactory. Other repairs were poorly bonded to the
concrete.and were eacily remove'. Several curface
volds were also noted. The model does not appear to
have internal volds that had not been repaired.

2. Test cylinders: Four concrete test cylinders were
examined to determine their pulse velocity. The
cylinders were made from the two trucks that provided
concrete to make the model. The pulse velocitico
ranged f rom 14,300 to 14,700 f t./sec. with an average
velocity of 14,500 f t./sec.

3. Shear wall: 36 pulse velocities were determined for
the shear wall. These pulse velocity ranged from |
11,400 to 14,400 feet per second with an average of

,

13,100 feet per second, j
1

4. Bace: 4 pulce velocities were determined on the base.
'

The pulse velocities ranged from 12,800 to 13,600 feet
per second with an average velocity of 13,300 feet per
second.' ;

5. Roof: 8 pulse velocities were determined on the roof.
The pulse velocities ranged from 12,300 to 13,300 f eet
per second with. an average velocity of 13,000 feet per
-second.

6. Northwest Wing Wall: 20 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,800 to 14,300 feet per cecond with an
average velocity of 13,400 feet per second.

7. Northeast Wing Wall: 20 pulse velocities were
determined on thic wing wall. These pulse velocities
ranged from 12,000 to 14,300 feet per second with an
average velocity of 13,200 feet per second.

8. Southwest Wing Wall 20 pulce velocities were
determined on this wing wall. -These pulse velocities
ranged f rom- 12,400. to 24,900 f eet per second with an
average velocity of 13,600 feet per second.

9. Southeast Wing Wall: 20 pulse velocities were
determined on this wing wall. These pulse velocities
ranged f rom 13,200 to 2 4,100 f eet per second with an
average velocity of 13,700 feet per second.

i
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The pulse velocities of the four concrete cylindero were
nearly identical. Thic indicatec that the concrete strength and
static modulus of clacticity for each load of concrete would be
similar.

The pulse velocities in the model were not uniform and were
below the pulse velocities of the tested concrete cylinders.
This indicates that the concrete in the model is not uniform and
the test cylinders may not accurately deceribe the concrete
strength and the modulus of clacticity of the model.

The use of pulse velocitico to estimate comprescive ctrength
and static moduluc of elacticity ic inexact and chould be used
only to indicate approximate valucc. Ucing the generalized data
developed from pact reccarch, the compreceive strength of the
model would be variable but should exceed 3,000 poi. The atatic
modulus of elacticity would alco be variabic but chould exceed
3,000,000 pol.

Model TRG-6

During our tecting the following was determined:

1. Vicual Inspection: The vicual inspection indicated
that thic model did not appear to have external voide.

2. Tect Cylinders: Two 6 x 12 inch cylindere were
examined to determine pulse velocitico. These pulce
velocitico had an velocity of 14,100 f eet per second.
There was no variation in the pulce velocity between
cylindero.

3. Shearwall: 8 pulce velocitico were determined for the
chear wall. These pulse velocities ranged from 13,500
to 14,300 feet per cecond with an average of 13,900
feet per cecond.

4. Bace: No readings were determined for the bacc.

5. Roof: 18 pulse velocities were determined on the roof.
The pulse velocitico ranged from 12,900 to 13,700 feet
per cecond with an average velocity of 13,100 feet per
second.

6. Wing Walls: 8 pulce velocitico were determined on the
wing walls. These pulce velocities ranged from 13,000
to 14,000 f eet per second with an average velocity of
13,600 feet per second.

The pulce velocitiec in the model were f airly unif orm and
similar to the pulse velocities of the tested cylinders. Thic
indicatec that the concrete in the structure is of uniform

50

|

|



quality and that the concrete strength and static modulus of
elasticity of the model can be accurately determined f rom the
concrete cylindero.

Since the pulce velocities were fairly uniform and the
visual inspection did not indicate any external flaws, it do our
opinion that the concrete model doec not contain internal flawc.

The use of pulse velocities to estimate compreceive strength i

and static modulus of elasticity ic inexact and chould be uced I

only to indicate approximate valucc. Using the generalized dats |

developed from pact recearch, the compreceive strength would be |

in excess of 3,000 poi and ctatic moduluc of elacticity would be j

in execco of 3,000,000 poi.

Conclusions

I was instructed that Model TRG-5 will have additior.a1
repairs to the surf ace flaws. In my opinion, these repaire (if
well bonded and of comparable concrete strength) will climinate
come of the non-uniformity of the concrete in the model.

The variations of the pulse velocity in thic model and the
lower pulce velocities of the model to the test cylinderc
indicates that the concrete in the model le non-uniform and may
be of lower strength than the test cylinderc. The percent of
repaired concrete is quite small (estimated to be leco than 2%).
If the repadro are succeccfully completed, its impact on the
structural behavior would likely be insignificant.

The lower strength of the concrete in thic model (as
compared to the test cylindero) and the variation of the concrete
may have an influence on the structural behavior.

Model TRG-6 appears to be well .made and no apparent problemo
were noted. The concrete cylindere appear to be conciatent with
the concrete in the model and will be a good indication of the
strength of the concrete in the model.

It has been a priv11 edge working with you on this project.
If you have any questions or if we can be of future service,
please do not.hecitate to call.

Very truly yours,

'

uke M. Snell, P.E.y
Consultant
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Cylinders (6 x 12 inch)

Truck #1 Time in 10-6 Seconde ,

Cylindtf 1 68
Cylinder 2 70

Truck #2

Cy31nder 2 68
Cylinder 2 69

Shear Wall - Thickness = 4 inches

Readings on approximately 1' centers
Measured from base

Distance From Time in 10-6 Seconds
Westwall (inches)

10 23.2, 23.3, 24.1, 25.3, 27.9, 26.9

24 23.4, 23.6, 24.5, 26.9, 26.0, 24.9

-36 24.1, 24.1, 24.3, 26.0, 26.7. 26.4'

40 28.9, 27.1, 26.7. 26.9, 26.3, 26.4

60 26.5, 29.2*,26.7. 26.9,'26.4. 26.3

72 26.1, 28.6, 25.1, 26.1, 25.3, 25.0

Test on Repair - 26.1 1

*Took several readings in this area. The shear wall . in this area
appears to have sarface flaws.
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Walls - Thickness = 4 inches -

"
Readings on approximately one foot centers

Measured from Shear Wall

Distance from Base Time in 10-6 seconds
(in feet)

Southwest Wall
-

1 24.4, 26.6, 25.1, 25.4 i

2 24.3, 26.7, 25.4, 23.6
3 23.3, 22.4, 24.1, 25.2
4 24.1, 23.0, 25.4, 24.8
6 24.4, 22.9. 23.1, 26.9

Northwest Wall

1 24.4, 24.9 29.3, 24.4
2 25.1, 26.0, 24.9 23.9
3 24.6, 26.0, 24.3, 25.3
4 26.4, 25.9, 24.4, 24.9
6 26.6, 23.3, 23.8, 24.9

Southeast Wall

1 23.7. 23.6, 23.7 23.6
2 23.8 24.4, 23.7 23.6
3 23.7, 26.1, 23.3, 24.6
4 24.9, 25.0, 25.0, 24.3
6 23.8 23.0, 23.3, 24.4

-

-

Northeast Wall

1 24.4, 24.6 25.2, 24.9
2_ 24.9, 25.0, 26.1, 26.9
3- 25.3, 24.0, 26.0, 24.9
4 26.8, 27.7, 25.5, 25.6
6 23.3, 23.8, 24.0, 24.7

_

Roof - Thickness = 8 inches

Location Time x 10-6 Seconds

North

At quarter points 64, 61, 60, 51

South
_

At quarter points. 61, 60, So, 53
-

Base - Thickness = 8 inches

Location- Time x 10-6 Seconds

- South -

,

At front quarter points 49, 82-

North

-- At front quarter points 61, 49

-
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TAG-6

Roots - Thickness = 0 inches

Readings on approximately 1.6 feet intervals -

Measured from East Wall

North
r

Distance Time x 10-6 Seconds

a foot from opened end 49.6, 49.9, 49.6, 61.9

1 foot from shear wall 61.7. 60.'4,'51.7, 61.6

2.5 feet from opening 60.1, , , 62.9

South

1 foot f rom open end 49.1, 40.6, 49.9, 61.9

1/2 foot from shear wall 62.5, 63.7, 61.6 63.6

TRG-6 Shear Wall - Thickness = 8 inches

. Readings on approximately 1.6 feet center
Measured from East Wall

Time x 10-6 g,,condsDistance

1 foot from roof 36.9, 36."., 36.1, 37.1

1 foot from bottos 36.0, J6.1, 36.1, 36.9

TRO-6 Walls - Thickness = 6"

Readings on approximately 2 feet intervals
Meheures from open end

Northwest

Distance Time x 10-6-Seconds.

1.6' feet from top 37.9, so.4

Northeas'.

1.6 feet from top 36.7., 36.6

Southwest

1.6 feet from top 36.8, 36.8

Southeast

1.6 feet from top 36.6, 36.6
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