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STATIC LOAD CYCLE TESTING OF A ... ( LOW-ASPECT-RATIO
SIX~INCH WALL TRG-TYPE STRUCTURE TRG-6-6
(0.27, 0.50)

by

Charles R. Farrar, Joel G. Bennett,
Willtam E. Baker, and Wade E. Dunwoody

1. INTROMICTION

Previous work that has been carried out at Los Alamos National Laboratory (LANL)
as part of the Seismic Category 1 Structures Program for the Unfted States
Nuclear Regulatory Commission (USNRC) Office of Nuclear Regulatory Research has
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
context, working loads refer to load levels equivalent to thcse experienced by
a structure during an operating basis earthquake that would produce stresses on
the order of so-rsi average base shear. The models tested thus far have been
made of both microconcrete and conventional concrete and have been tested
statically and dynamically.

Upon review of these results at the Technical Review Group (Tha) meeting of
April 4, 1986. 1t was dgcided to conclude the experimental investigation of the
reduced stiffness issue by performing a series of quasi-ctatic load cycle
tests on structures with a cross-sectional geometry simi’ar to the TRG-3-4
(1.0, 0.56) structure.

The nomenclature used here is as follows:
TRG=No.~Kt (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 structurs] experts,

the sequence number in the series,

NO., =

Wt = the shear wail 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
fssue.



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 varfations in these parameters that exist in actua) Category 1
structures could be taken into account in the experiments and the sensitivity
to these varifables could be identified.

One of the primary purposes of these tests was to determine if, at equivalent
stress levels, a similar reduction in stiffness occurs during static testing as
has been observed during the oynamic testing. In addition, the structures
were to he 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 fnstrumented so that the shear and bending contribu-
tions to the total stiffness could be measured separately. The separation of
shear and bending components of stiffress was intended to provide additional
information concerning the mechanism for the reduction in stifrness.

11, BACKCTOUND

The purposv of this report i1s to provide the USNRC, the TRG, as well as the
civil structure community with a summary of the principal results and conclu-
stons from an experiment on a very low aspect ratio, 6-in. wall, TRG-type
structure. This structure was uasi-statically tested as part of the Seismic
Category 1 Structuris Program. dowever, 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 Sefsmic 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 objective 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 bauis.

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, 1in the elastic and inelastic response range, to variations in
configuration, design practices, and earthquake loading;

3. to develop experimental data to enahle validation of computer programs used
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,
1/3C-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
with the exception of TRG-3 were all small-scale microconcrete models.

2



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 structura)l frequency affect plant risk,

A principal characteristic of the typical structure under investigation 1s 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 1s one or greater. Thus, these buildings are
called "shear wall" structures.

The Seismic Category I Structures Program began in FY 1980 with an fnvestigation
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 fnvestigating
fsolated shear wall behavior using small models (1/30-scale) that could be
economically constructed and tested both statically and dynamically. Also,
dur\n? this phase of the program, a TRG, consisting of nationally recognized
sefsmic 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
11ght 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-1ike 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 testin? 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 pro¢
had tested (in addition to the isolated shear walls), either statically or
sefsmically, 23 different models representing 2 types of struc.ures, a diese)
generator building, and an auxiliary bulldir~. Two different scales ((1/30,
1/10) and (1/42, 1/14)) of these buildings we- used (1-in. and 3-in. walls).
In addition, stories varied from one to three. Although a number of results on
ftems, 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 1llustrated
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.
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Ouring their review, the TRG pointed out the following
| Naocin ’ 3 \ - v » - 1 " . ¢ ¢ - ;
" ~ Desigr f prototype uclear plant structures is normally based upon an
,“ uncracked ros¢ ection strenath femater La approach that may or may not
Kﬁ 50 A cetiffne reduction factor for the ncrete Bl if one is USQd
! . '
‘ it gever a arge as 4

‘ ; AltE gh the structures themseives appear to have adequate reserve margin
(even 1f the stiffness is only 25% of the theoretical), any piping and
ittached equipment will have been designed using inappropriate floor

i : . pE priate 00

! response spectra
| ) Given that a nuclear structure designed to have a natura) response of about
i 5 15 Hz really has a natural frequency of 7.5 Mz (corresponding to a reduc-

! 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 1s the largest. This will result in increased

5 amplification in the floor response spectra at lower frequencies, and this
fact potentielly has significant impact on the equipment and on the piping

3 ’:"“t_)" response f;‘(.‘ftrd ana ’\'r\'ir r'j,‘,r;]\'_rs of gﬁ‘(‘t“{.

“f Note that all three points are related to the difference between the measured

E and calculated stiffnesses of these structures

!

. Having made these observations, several questicas arose. Did our previous
experimental data taken on microconcrete models represent behavior that would
be obsirved in prototype structures? What 1s the appropriate value of the
stiffness that should be used in design and for component response spectra
computations in these structures? hould this value be a function of load
leve \ st nmot " tnd e 4 : e i .

. .(\(‘, ”,d\(. t'( (\4‘.1;\‘! t a ‘1 r 4 :} 11 ('l‘ﬁt’.'!‘; t\.1‘d‘ng$. [J(’f‘r‘ des‘gned to

l inappropriate response spectra?

‘| Thus, the primary program emphasis at that time was to enture ‘redibility of

| previous experimental work by beginning to resolve the “stiffne:s difference"
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¢ TRG for this program believed that this important ‘ssue must be
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A prototype “TRG" structure, of the s
1

ame geometry shown in Fig. 1, but having
; 4-in, walls and an aspect ratio of 1, an jned
" a al
T

to comply with these speci-
fications, was constructed using acti t concrete and No. 3 rebar.

In addition, a 1/4-scale model of the J e was constructed with micro-

concrete and wire-mesh rebar and was tested prior to the prototype. Both struc-
‘ tures were testod statically (80 pst principal tensile stress for the 1/4-scale,
# 40 psi for the pratotype) and then celsmically to fatlure, or in the case of the ‘
prototype, to mach'ne limits. “

* REBAR ON 7.28-in. CENTERS
” ALL SIX-in. WALLS HAVE No.3
EACH FACE, EACH DIRECTION ‘l
[ ! TWO STEEL PLATES !
/APPROX 18,800 Ib EACH ;

——

=z / 90 i
o (2 in. STEEL PLATE N
MELD IN PLACE BY
A

EIGHTEEN 1-1/4-in, BOLTS W, g
ﬁ DIMENSIONS IN INCHES

TORQUED TC 400 ft/b

F]g l X““}"(“ t(“,t (—'trU:tUrC,

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 .caled 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 jﬂh of préﬁiiliﬁg the response of the conventional concrete DFOtOtyp9.

A low-force-leve! 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 dynamicaiiy on a shake table, both models showed
reductions in stiffness consistent with previous test data, thus suggesting that

the reduced stiffness could not ! attributed t mi e nerete An el?@nSﬁYE




analytical investigation was made to determine if the measured reductions in
stiffness found while testing TRG-3 could be attributed to base connection
effects. From this fnvestigation, 1t was concluded that the base connections
were not responsible for the measured stiffness reductions. The prototype TRG
structure with its added mass was laraqe enough to make reproduction of the
fnput 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
detai) in Ref. 7,

One varfable in the TRG-3 test that could not be assessed was the effects of
shipping and handling. The structure was constructed in Los A amos and shipped
by truck to Champaign, I114nots, for testing. The TRG-4, -5, «nd -6 structures
were constructed at Los Alamos and tested with a minimum of hano: ' =9,

Stiffness values measured on TRG-4-6 (1.0, 0.25) and TRG-5-4 (1.0, 0.' 1) were
repeatable and were almost identical to the theoretical values unti) 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 .

ITI. REVIEW OF PREVIOUS STATIC TEST RCSULTS 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 cg]culated from the empirical formula in American Concrete
Institute (ACI) 349-85.% 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 determ1n1n? the proper values of stiffness
to be used in the analysis of Setsmic Category 1 Structures because it 1s 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 informaticn con-
cerning errors that could occur during the design process 1f material prorerties
have yet to be measured. Table 1 summarizes the previous results using botx the
measured and design values for the concrete's modulus.

A, Isolated Shear Walls

The first static tests were performed on single-story isolated shear walls and
were reported in Ref. 2. ive walls were tested, two monotonically and three
cyclically. 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,

6



TABLE 1
PREVIOUS STATIC TEST RESULTS

Theoretical® Theoreticald

Measured Ultimated Stiffness Stiffness
Stiffness Compressive Using Using ACE The Ratio of
Before Strength Measured Empirical Colyumns
Cracking fe Modulus Modulus
(lb{1n.) (kst) (1b£1n.) (1b/4n.) P4 3 b4
3 | 1 3

Isolated Shear Walls:

] 0.78 x 10¢ 4.34 1.60 x 10¢ 2.33 x 10¢ 2.05 2.99 0.69

2 0.79 x 19¢ 5.89 - 2.7 x 10¢ - 343 -

3 1.0 x 10¢ 7.38 1.90 x 10¢ 3.03 x 10¢ 1.90 3.03 0.63

a 1.06 x 10¢ 6.86 - 2.92 x 10¢ - 2.7% =~

5 0.87 x 10¢ 6.3) 1.76 x 10¢ 2.80 x 10¢ 2,02 3.22 0.63
1/30-5ale, 1-Story,

Diese) Generator Buildings:

30-2 0.76 x 10¢ 2.70 2.25 x 10¢ 2.90 x 10¢ 2.96 3.82 0.78
30-4 1.74 x 10¢ 3.32 4.82 x 10¢ 6.08 x 10¢ 2.77 3.49 0.79
30-7 0.92 x 10¢ 2.35 2.45 x 10¢ 2.71 x 10¢ 2.66 2.95 0.90
30-8 0.80 x 10¢ 2.30 2.36 x 10¢ 2.68 x 10¢ 2.95 3.35 0.88
30-9 1.67 x 10¢ 2.69 4.62 x 10¢ 5.47 x 10¢ 2.77 3,27 0.84
30-10 1.14 x 10¢ 3.27 - 3.19 x 10¢ - 2.80 -~
30-11 0.92 x 10¢ 3.09 - 3.11 x 10¢ - 3,38 -
30-12 1.23 x 10¢ 2.08 - 2.53 x 10¢ - 2.06 =~
30-13  0.88 x 10¢ 2.04 - 2.52 x 10¢ - 2.86 -~
3019  0.80 x 10* 4.70 - 3.83 x 10¢ - 479 -
3D-20 1.08 x 10¢ 4.30 3.22 x 10¢ 3.65 x 10¢ 2.98 3.38 0.88
TRG-1 0.75 x 10¢ .n 1.2 x 10¢ 1.3 x 10¢ 1.60 1.73 0.92
TRG-3 4.4 «x 10¢ 3.8 3.0 x 10¢ 5.0 x 10¢ 0.68 1.13 0.60
TRG-4 8.5 x 10¢ 4.5 8.4 x 10¢ 9.6 x 10¢ 0.99 1.13 0.88
TRG-5 6.9 x 10¢ 5.03 6.8 x 10¢ 7.1 x 10¢ 0.99 1.03 0.96

s me——

3The empirical modulus, € , 1s 57,000 JG'. and the measured
ACI

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

S&i!lnsiim£914.2)

Ecm = 57,000 ch (Stlffness Col. 3

bBased on the gross section.



A1l specimens remained essentially linear up to a lcad producing an average base
shear stress (ABSS) of 200 psi and a principal tensile stress (PTS) of 200 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
were subjected to repeated load cycles below the first-cracking load, there was
no evidence of stiffness dears#ation or evidence of increase in the area of the
hysteresis loop for a giver - ' fevel. Above the first-cracking load, stiff-
ness degraded and the area 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
sefsmic 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.

B. 1/30-Scale, Single-Story, Diesel Generator Buildings

Eleven 1/30-scale, single-story, diesel generator buildings were statically
tested to failure and are reported in Ref. 3. N e models were tested mono-
tonically, eight in the transverse direction, and one in the longitudina!
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
mode! experienced prior to testing and the embedient 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 leve! below the first-
cracking load, the area under the hysteresis loop remained constant when the
load was cycled and the stiffness remained constant. Above the cracking load,
stiffness was again observed to degrade and the area of the hysteresis loop
increased with either increases in load level or with increases in the number
of load cycles. The lcad at first cracking was in good agreement with the
value predicted from strength-of-mater als and the measured tensile stress of
the concrete. Provisions for the shear capacity of the walls from ACl 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 uncracked cross section and a measured modulus.
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IV. TRG-6 MODEL CONSTRUCTION AND MATERIAL PROPERTIES

A primary concern 1n construction of this model was that it be subjected to a
minimum amount of handling once it was built. which would eliminate damage
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 was
designed to minimize base deflections. The frame was located in an indoor test
facility so that construction, concrete placement, curing, and testing of the
mode' could be performed in a controlled environment.

The reinforcement in both the shear walls and end walls consisted of No. 3
(3/8-1n. diam.) rebar with a specified minimum yleld 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 interfor walls but did not meet the required 1.5 in.
cover for exterfor walls. Unless otherwise stated, compliance w1‘% a section
of ACI 349 implies compliance with the same section in ACI 318. 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 8:10
AM. and contﬂ1ned 5.5 yards of concrete. Slump from this truck was measured
per ASTM C143'0 and found to be 2.25 in. Fourteen gallons of water were
added to bring the slump up to 3.75 in. This batch of concrete was used to
pour the entire structure. Mechanical vibrators were continually wused to
compact the concrete. Fourteen standard 6-in.-dia by 12-in.-high concrete

Cylinde{? were taken %ur1ng the middie of this placement, per ASTM standards
C172-82'! and €31.84,)

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 ?nd 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 after they were poured. They remained in the
chamber for the next 38 days. Forms were left on the madel until August 29,
30 days after the mode! was poured. Exposed surfaces (tops of both the top and

bottom slab) were kept moist and were covered with tarps during this 30-day
period.

R R
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? V. MODAL TESTING AND RESULTS
}
i} h The first test performed on the TRG-6 structure was a low-load level experi-
sl wcntal moda) analysis. This test was used to characterize the initial stiffness

of the model without introducing damage and to demonstrate that the dynamic
propertiss af the structure could be accurately measured at very low-load

w levels ¢ test configuration consisted of simulating free boundary conditions

. by supg. .i1ng the mode! with five air bearings Free bcundary conditions were

. chosen because they can be most accurately compared with analytical results
i"'= from finite element analysis (FEA).

A 300-1b 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 excitution signal with a uniform

power spectral density between O and 250 Hz was used to drive the shaker.

Acceleration response was measured in three orthojonal directions at 76 points

o on the structure. The measurement points are shown in Fig. 5. The excitation
was applied at Pt. 2 in the Y-direction.

ndeformed Structure J- Tpcs_c’(e.??.a_se) '

B e i e e i b e

[ cceleration selirpmor aad 4 o
‘{:.‘ 5 Acceleratic measurement g nts for the ex-
perimental modal analysis. Data were taken
at each line intersection (76 point




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 300-1b shaker
had only enough force capacity to excite the structure at its resonant frequen-
cles. The frequen-y 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 measurec at Points 41 and 10 in the Y and 2 direction, respectively.
From these plots, resonant frequencies can be identified fr 1 zero crossings in
the real portion that corresponds to peaks In the imuginary portion. Five
resonant frequencies and corresponding mode shapes were experimentally identi-
fied between O and 250 Mz.

TRYR6, 117
4| Y Y X U PRR  YIi: 3%5b.42u X2: 250 P00 Y2: 42.%7%
1.25m
9
. .
‘ : |
b
(!
s
“liioa ‘ st 7 (8PS0 008 Vi 0.7l

.00 ra&o (I; Hnrn!;) ' 250. 00
Fig. 6. Frequency response function Pt. 41Y/2Y.

A finite element analytica)l 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 Wz could be fdentified. 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 correspondin
analytical and experimental resonant frequencies is presented in Table ?V.

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
location of excitation would have identified these modes. However, 1t was felt

}he orjectives of the modal testing were accomplished with the one excitation
ocation.

14
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Fig. 7. Frequency response function Pt. 102/2Y.

Based on the fundamenta)l frequency and noting that

(lmuuud_ 2 “measured
fcalculated kcalculated

where f is frequency, and K s stiffness, a comparison can be made oetween the
low-10ad level dynamic stiffness and the calculated stiffness from FEA., The
measured stiffness as a percentage of theoretical s summarized for various
moduli values in Table V.

Finally, by adjustin? the modulus in the finite element analysis so that the
fundamental frequencies match the measured fundamental frequency, one can
indirectly estimate the actual modulus of the concrete in the TRG-6 model. The
value of E. that made the FEA agree with the measured fundamental frequency
was 3.53 x 108 psi, close to the 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, i1f nonlinearities due to cracking or voids did exist, they would procuce
excitation amplitude-dependent response in the structure and, at the load levels
used in this test, the effects of these nonlinearities might not appear.

15
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? frame base (Fig. ) Iwo 2-in.-thick steel plates were placed on top ¢
1 base, grouted level, and thirty-six 1.25-ir.-dlam steel bolts were placed
; through the plates in an attempt t btain a fixed-base boundary condition.
The bolts were torqued to 400 ft-it Next, the two 6-in.-thick steel plates
(Fig. 1) were placed on top of the model, grruted level, and held in place
by thirty-six 1.25-in.-diam steel bolts torqued to 400 ft-lt Because the load
. \ 1 & 9 £ - i " - » » ’ 4 i | 1 "
was to be applied by a rce 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 irdicaiive of that introduced by a

L seismic event

| The load frame was then assembled around the model and ar instrumentation frame

@ wat also assembled around the model and independent from the load frame
Twenty-four Ono-Sokki EG-233 displacement transducers were p aced on the mode)
and on the instrumentation frame (Fig. 10) Ten gages were mounted on the
mode! itself, providing relative displacement readings that were independent of

a rigid body rotation and translatior 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 stee! 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
§ indication that a friction connection was obtained
I
“ 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 stee
ain 3 placement trans-
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TABLE V

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

".N'.Y[ ELENENT ﬂNf.“VF\I’}‘ "_I_‘}N:l
VARIOUS VALUES OF E(

Measured £

1.04

o }= RELATIVE DISPLACEMENT
<) DISPLACEMENT, FIXED REFERENCE

B FOUR GAGES CORRESPONDING
TO THESE ON THE OTHER END

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 degraie.

rents 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 1 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

During these repeated cycles, only the peak displace-
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AVE. BASE SHEAR STRESS X 1072 (PS)
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LOAD STEP

Fig. 11. Average base shear stress
versus load step history.

The load cycl*ng began with three 50-psi ABSS cycles followed by sixty 50-psi
peak-to-peak cycles. Next, three 100-psi cycles were performed, followed bv
thirty 100-psi peak-to-peak cycles. This wa' followed by three 150-psi cycles,
three ¢00-psi cycles, and fifty-nine 200-ps1 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 \ower-load cy:les (50-psi and 100-psi
ABSS) were exrected to be and were found to be near the rezolution of the
relative dicplacement measurement system. The vertical relative displacement
yages *"ic measured deformations over & 16-in. gage length, gave readings that
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900 450 600 750 900 1050 1200 1380
LOAD STEP

12. Force versus iod step history.

were at or near the gage's least count. These gages attempt to measure be F
deformations that are calculated to be 2 orders of magnitude lower than s..ear
deformation in this structure. Because of these very small bending deforma-
tions, the stiffness values were based upon the diagonal relative dispiacement
readinys, and these displacements were consider«d accurate only when the
diagonal gages were being compressed. The accuracy of the measuring system
gererally depends upon *he Ono-Sokki ~eturn spring overcoming any friction when
+¢ gage 1s in tension., Ae¢ with previo:s tests on TRG-type structures, the
Alsplacement values determined from the diagonal gage readings represent the
displacements at the end of these gages relative to the botrom end of these
qages. The displacement field over this region may be nonhomogeneous; hence,
the dlsplacements computed in this manner represent an ave-age value for the
wall. The method for computing the horizontal displacements fs 11lustrated in
Fig. 13 and, with the instrumentation used in this test, theoretically, four
valves of horizontal displacement could be de*ermined and & e¢raged. However,
only two ~f the diagonal gages gave ¢nnsistent 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
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Fig. 13. Methud used to calculate horizontal
displacements from interior relative
displacement gages.
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(Gage 24) for the 50-psi, 100-psi, 150-psi, and
ly. Cage 24 appeared to give the most reliable re
gages.

5, respective-
four diagonal

During the 50-psi, 100-p.i, and the first 150- \BSS cycle, th
indicated an average stiffness of 58.2 « 10 /in, e structure cracked
during the second 150-psi cycle at an ABSS between 140 and 150 p

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

(cop
last 15 peak-to-peak cycles at 100-psi ABSS, the three 150-psi cycles, and the
three 200-psi cycles. After the structure cracked, the stiffness reduced to
44.5 x 10% 1b/in. during the 200-psi cycles and reduced further to an average
value of 35.9 x 100 psi during the 261-psi AB3S cycles. At this point, the

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

¢ measured data
>
¢i

The peak-to-peak cycles at 50 pst and 100 psi showed repeatable
geterioration in stiffness. These cCy : ¢ in Fig

able response was again observed during 200-psi peak-tc¢ ‘
a reduced stiffness. The 200-psi p o-peak cycles are shown in Fig. 22.
Lamage during the 261-psi overshoot during the 200-ps! 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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Fig. 20. Horizontal displacements from Gage 24,
50-psi ABSS peak-to-peak cycles,
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Fig. 21. Horizontal displacements - . Gage 24,
100-psi ABSS peak-to-pe:" cycles.

-




* &

4 ()  prrm— ————————————— T ————— A —— ST

A
)

X 1072 PSl

v
v
Wl
en
b—
v
48
g
f 20
(7))
4 - b s a————————————————————

DISPLACEMENT X 10 * (IN), GAGE 24

Fig. 22. Horizontal displacements from Gage 24, first
forty-five 200-psi ABSS peak-to-peak cycles.

AQ o g po——

v 00

A L] 0 2 4

DISPLACEMENT X 107 (IN), GAGE 24

Fig. 23. Horizontal displacements from Gage 24,
the last fourteen 200-psi ABSS peak-
to-peak fourteen cycles and the 261-psi
overshoot.




Prior to cracking, TRG-6 responded with a stiffness that was about 20% higher
than the strength-of-materials prediction that uses only {he shear wall as
being effective in carryin? the shear. This value would be about 10-12%
higher than 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, 1f the magnitudes of the displacements being measured are con-
sidered (< 5 mi1s). Conclusions about the effectiveness of the end walls

In bending can only be implied from the displacement measurements because the
bendinj 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.
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Fig. 24. Vertical strain in Gage 12,
: second 100-psi ABSS cycle.
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Analytical stiffness values, based upon these relative displacement readings,
were determined from .. ‘gliano's Theorem. By examining the free-body diagram
In Fig. 29, the expr. - for internal strain energy stored in the structure
between the section A-. .nd B-B can be written as
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where

internal strain energy,

moment at section A-A,

shear force at section A-A,

imaginary unit load,

concrete modulus of elasticity,

cross-sectional moment of inertia, includes entire end wall
but neglects steel,

shear modulus,

effective shear area, and

« length of the wall between planes A-A and B-B.
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Using standard procedures described in Popov,!8 the horizontal disolacement
of the structure at plane A-A relative to plane B-B can be determined and the
stiffness of this portion of the structure can be expressed as

]
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This total stiffness may be decomposed into a bending component and a shear com-
ponent ylelding

KB - -;§£1———; , and
2L + 3hL

AG
8
ML

Tat'e VI summarizes the various stiffness values that could be abtained for this
test structure, depending upon how effective the end walls are assumed to be
and also depending upor whi. h value for modulus of elasticity is used. For this
shear-dominated structure, the range is fairly narrow (from 48-55 x 106 psi).

TABLE VI
TRG-6 THEORETICAL STIFFNESS VALUES
(Neglecting Reinforcement)

a Ave. From Test 43 s/
Modulus oi 57.000\4 ’ 2 A4
Moment o;\Sf‘.’tic"’ ryIQndo: .C 33w J?S Ultraso:ic

e B M X 10" 8L 3,90 x 00% i 3,82 x 10°0s1 3.2 x 10 psi
Full Section Kr = 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° 3.001 x 10?
Kg = 48.5 x 10¢ 54.8 x 10% 53.7 x 10¢ 50.1 x 10¢
ACI T Beam Kr = 45.7 «x 10¢ 51.6 x 10¢ 50.6 x 10¢ 47.1 x 10¢
7.46 x 10% in¢ Kg « 7.83 x 100 8.86 x 100 8.67 x 108 8.08 x 10¢
Kg = 48,68 x 10¢ 54.8 x 10¢ §3.7 x 10¢ 50.1 x 10¢
Negiect Flange Ky = 43.0 x 10¢ 48.7 x 10¢ 47.7 x 10¢ 44.4 x 10
3.645 x 108 in¢ Kg = 3.83 x 100 9.33 x 100 4.24 x 0¥ 3.95 x 108

Kg = 48.5 « 10¢ 54.8 3.7 x

x 104 53. 10¢ 50.1 x 10¢

VIIJ. OTHER INVESTIGATQRS' RESULTS

Figures 30-32 provide a summary of the available static test data for low-
aspect-ratio reinforced concrete shear walls. These figures compare other
investigators' results and the results obtained in the Seismic Category 1
Structures Program.

The measured secant stiffness vs. theoretice! (SOM) stiffness 1is plotted in
Fig. 30 befora first cracking. Most test data on actual co rete 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 stiffness. Microconcrete, however, seems to show a considerable
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MEASURED STI'FNESS PRIOR TO CRACKING
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Comparison of other investigators' results with TRG-6
vesUlts of measured stiffness versus theoretical stiffness.
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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 firsi-cracking
with the split cylinder tensile strength and ACI 349's empirical tensile
strength value of 4 /% , respectively. These figures show that TRG-6
cracked at stress levels similar to the previous TRG structures. Data for
Figs. 30-32 were obtained trom Refs. 2,3,6,7, and 19-25.

1000 y
s TRGO #
z e TRGAS
800 REF 2.3
REF 22
REF 20
"0 nEF 19
REF 26
400
-4 i °
g 2 ot 0.3 * 38
g% 200 AN o 0
2 ok : : ,
0 200 400 600 800 1000

PRINCIPAL TENSILE STRESS AT
FIRST CRACKING (PSI)

Fig. 3. Comparison of other investigators' results with
TRG-6 results; principal tensile stress at first
cracking versus ACI-349 principal tensile strength.

IX. CONCLUSIONS

One of the primary purposes of this test was to determine 1f, 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

\terfals theory. These same techniques would not have adequately predicted
.1 dynamic response of structures previously tested in the program, even
though stress levels during the dynamic tests were well below those predicted
to crack tho structure.
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Based upon the quasi-cyclic testing of TRG structures 4, 5 and 6, 1t fs readily
apparent that carefully handled structures tested fairly "green" (1.e., unagyed),
are uncracked, and can be accurately ,.edicted by strength-of-materials theory.

The most likely cause of the reduced stiffness that has been measured in this
program 1s concrete cracxing. The source of this cracking has probably dbeen
(in our tests), a combination of several causes that include handling and
transportation loadings ‘n the early tests, aging (curing), shrinkage, and
other time effects, and the construction imperfections and material varfability
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 same reasons (handling and transportation loadings can be
replaced by "differentia' settlement"). At least two courses of action should
be pursued to further investigate this effect. First, 1f at all possible, data
should be obtained from an artual nuclear plant structure. The instrumentation
and testing should be designed to look particularly for this effect. Second, a
"consequences" program shoild be inftiated to see if any equipment will be
affected by the frequency :hifts and stiffness resuctions 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
Numbe) 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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ALUKE M. IV
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618)402.250C : o v N -
m Eme)ovz«ooo- CONSTRUCTION & MATEPIALS CONSULTANT g;aom::u&o?s

September 3, 1987

Joel Bennett

Los Alamos National Laboratory
MS J576

Los Alamos, NM 87545

Subject: Inspection of TRG-5 and TRG-6 Models
Los Alamos National Laboratory
Los Alamos, New Mexico
Our Job No. LSB7-3864¢

Gentlemen:

The writer hac completed the inspection 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., This report documents our findings.

On August 24 and 25, 1987, the writer examined the TRG-5 and
TRG-6 models. The examination consisted of two separate
inspections. The first was a visual inspection using hand-held
magnifying glasses. The second inspection was to determine the
velocities of ultrasonic waves through the concrete.

‘he velocity of the ultrasonic wave was determined by
msasuring the wall thickness and measuring the time for the
ultrasonic wave or a pulse to travel from a sending transducer,
through the concrete to a receiving transducer; the velocity of
the ultrasonic wave or the pulse velocity was then calculated by:
pulse velocity = distance divided by time.

Past experience and research has shown that the pulse
velocity value can be related to concrete strength and the static
modulus of elasticity. Also, if the pulse velocities are
relatively uniform, then the concrete is assumed to be of uniform
quality and without flaws.

The equipment is generically called pulse velocity
equipment. Our equipment is manufactured by James Electronic
Company and is called the V-meter. The testing of each model
will be discussed separately.
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Model TRG-S

puring our testing the following was determined:

1.

The visual inspection indicated that the model had
several internal and external voids that had been
repaired. Several of these repairs appeared to be
satisfactory. Other repairs were poorly bonded to the
concrete and were easily removrs . Several surface
voids were also noted., The model does not appear to
have internal voids that had not been repaired.

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 velocities
ranged from 14,300 to 14,700 ft./sec., with an average
velocity of 14,500 ft./sec.

Shear wall: 36 pulse veloclities 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.

Base: 4 pulse 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.

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

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

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

Southwest Wing Wall: 20 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,400 to 14,900 feet per second with an
average velocity of 13,600 feet per second.

Southeast Wing Wall: 20 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 13,200 to 14,100 feet per second with an
average velocity of 13,700 feet per second.
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The pulse velocities of the four concrete cylinders were
nearly identical. This indicates that the concrete strength and
static modulus of clasticity 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.
Thie indicates that the concrete in the mecdel is not uniform and
the test cylinders may not accurately describe the concrete
strength and the modulus of elastici*y of the model.

The use of pulse velocities to estimate compresscive strength
and static modulus of elacticity ic inexact and should be used
only to indicate approximate values. Using the generalized data
developed from past research, the comprescive strength of the
model would be variable but should exceed 3,000 pesi. The .tatic
modulus of elasticity would also be variable but should exceed
3,000,000 psi.

Model TRG-6

During our testing the following was determined:

1. Visual Inspection: The visual inspection indicated
that this model did not appear to have external voids.

2. Test Cylinders: Two 6 X 12 inch cylinderc were
examined to determine pulse velocities, These pulse
velocities had an velocity of 14,100 feet per second.
There was no variation in the pulse velocity between
cylinders,

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

4. Base: No readings were determined for the base.

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

6. Wing Walls: B8 pulse velccities were determined on the
wing walls. These pulse velocities ranged from 13,000
to 14,000 feet per second with an average velocity of
13,600 feet per second.

The pulse velocities in the model were fairly uniform and
similar to the pulse velocities of the tested cylinders. This
indicates that the concrete in the structure is of uniform



guality and that the concrete strength and static modulus of
elasticity of the model can be accurately determined from the
concrete cylinders,

Since the pulse velocities were fairly uniform and the
visual inspection did not indicate any external flaws, it is our
opinion that the concrete model does not contain internal flaws.

The use of pulse velocities to estimate compressive strength
and static modulus ofelasticity is inexact and should be uced
only to indicate approximate values. Using the generalized data
developed from past research, the compressive strength would be
in excess of 3,000 psi and static modulus of elastic.ty would be
in excess of 3,000,000 psi.

Conclusions

I was instructed that Model TRG-5 will have addivioral
repairs to the surface flaws. Inmy opinion, these repairs (if
well bonded and of comparable concrete strength) will eliminate
some of the non-uniformity of the concrete in the model.

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

The lower strength of the concrete in this model (as
compared to the test cylinders) 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 problems
were noted. The concrete cylinders appear to be consistent with
the concrete in the model and will be a good indication of the
strength of the concrete in the model.

1t has been a priviledge working with you on this project.
I1f you have any questions or if we can be of future service,
please do not hesitate to call.

Very truly yours,

;;fff/ uke M. Snell, P.E.

/,)’ Consultant



APPENDIX C

FIELD MEASUREMENTS FOR TRG-S

(This data was included
part of Professor Snell

because it was
‘s test report)




Cylinders (6 x 12 inch)

Truck #1 Tine 4n 10°% Seconds
Cylindsr i ee
Cylinder 2 7¢

Truck #2
Cylinder 1 (1]
Cylinder 2 (1]

Shear Wall - Thickness = 4 inches

Readings on approximately 1' centers
Measured from base

Distance FProm Time in 10°% seconds

Westwall (inches)
10 23.2, 23.8, 2¢.1, 25,3, 27.9, 2¢.9
24 23.4, 23.5, 24,5, 25.9, 25.0, 24.9
86 24.1, 24.1, 24.3, 26,0, 25.7, 26.4
48 25.9, 27.1, 26.7, 26.9, 26.3, 26.4
[ 1] 25.5, 29.2°%,26.7, 26.9, 25.4, 20.9
72 28.1, 25.6, 25.1, 26,1, 25.3, 25.0

Test on Repair - 26.1

*Took several readings in this area. The shear wall in this area
appears to have surface flaws,



Halles -~ Thickness = 4 inches

Readings on approximately one foot centers
Measured from Shear HWall

Pistance from Base
(in feet)

Time in 10°% seconds

Southwest Wall
24¢.
24.

23,
24.

Northwest

Southeast

Northeast

Roof =~ Thickness = 8 inches

Location Time x 10°% Seconds
North

gquarter voints 84, B1, 80,

South

quarter points 81, 80, B0,

Base - Thickness = 8 inches
Location Time x 10°% Seconds

South

front guarter points 9, 52

front quarter points
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TRG-6

Acofs - Thickness = # inches

Readings on approximately 1.8 feet intervale
Measured from Bast Wall

Worth
ﬂ Distance Time x 10"% seconds
1 foot from opened end 49.5, 49.9, 49.6, 81.9
4 i 1 foot from ehear wall 1.7, 80.4, 81.7, 81.68
; 2.% feet from opening 20.1, - -, B2.9
] South
‘ 1 foot from open end 9.1, 48,85, 49.9, 81.9
1/2 foot froe shear wall 82.8, 53.7, 81.8, 23.8

’E TRG-6 Shear ®all - Thickness = 8 inches

- ; Readings on appror imately 1.8 feet center
K Heasured from East Wall

Dietance Tise x 10°% s-.conds
1 foot from roof 38.9, 98.%, 986.1, 37.1
1 foot from bottom 83,0, 46.1, 86,1, §5.9

TRG-6 Halls ~ Thickness = 6"

Readings on approximately 2 feet intervals
1 Heasures from open end

;5 Northwest

; Distance Time x 10°% Seconds
i 1.8 feet from top 37.9, sv.4
Northeas’.
# 1.8 feet from top 3¢.7 36.8
i Southwest
% 1.8 feet from top 35.8, 36.8
i Southeast
1.8 feet from top 36.5%, 36.6
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