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ABSTRACT 

Using 1/5-scale and l/l-scale (prototype H451) fuel elements, one, 

two, or three stacked elements on a clamped base element were rocked from 

an initial release position. Relative displacement, rock-down loads, and 

dowel pin shear forces were measured. A scaled comparison between 1/5-scale 

and l/l-scale results was made to evaluate the model scaling laws, and an 

error analysis was performed to assess the accuracy and usefulness of the 

test data. 
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1. SUMMARY AND CONCLUSIONS 

Rocking tests w i t h  1/5-scale  and l / l - s c a l e  (pro to type  H451) f u e l  ele- 

ments w e r e  c a r r i e d  o u t  by rocking one, two, o r  t h r e e  s t acked  elements on a 

clamped base  element from an i n i t i a l  release p o s i t i o n .  

ins t rumented  t o  measure r e l a t i v e  displacement  ( rocking  a n g l e ) ,  rock-down 

load  and  dove1 p i n  s h e a r  force .  T o t a l  f o r c e  as w e l l  as d i s c r e t e  f o r c e s  on 

The elements  were 

t h e  t h r e e  dowels 

dowel f o r c e  were 

pa r i son  between 

s c a l i n g  laws. F 

w e r e  obtained.  M a x i m u m  peak va lues  of rock-down load  and 

observed dur ing  t h e  pe r iod  of f r e e  rocking. A s c a l e d  com- 

/5- and l/l-scale r e s u l t s  w a s  made t o  e v a l u a t e  t h e  model 

n a l l y ,  an e r r o r  a n a l y s i s  was performed t o  assess t h e  

accuracy and use fu lness  of t h e  test data .  

The fo l lowing  main conclusions were de r ived  from the  tests; 

1. The element  rocking  motion decays r a p i d l y  from i n i t i a l  release 

and i n c r e a s e s  i n  frequency a t  smaller angles .  

2. Maximum rock-down f o r c e s  and dowel f o r c e s  are g e n e r a l l y  observed 

on t h e  f i r s t  rock-down a f t e r  release, and they occur  f o r  z e r o  

rocking  angle.  

3. Only s m a l l  v a r i a t i o n s  i n  rocking  motion and t o t a l  f o r c e s  r e s u l t  

from rocking about  d i f f e r e n t  e lement  axes (X, Y ,  and Z ) .  

4 .  Rock-down load  and dowel f o r c e  do n o t  i n c r e a s e  apprec i ab ly  wi th  

an i n c r e a s e  i n  i n i t i a l  release ang le  above 5". 

5. I n  mul t ib lock  c o n f i g u r a t i o n s  ( t h r e e  o r  more s t acked  e lements )  the 

i n i t i a l l y  d i sp l aced  elements a t  t h e  top of the  s t a c k  p r a c t i c a l l y  

1 



transfer all their angular momentum on first rock-down to the 

block next to the base block. The elements then rock together 

as a rigid column. 

6 .  Scaled comparisons between 1/5- and l/l-scale rocking motion show 

good agreement particularly for small rocking angles ( < 5 " ) .  

Rock-down loads and dowel forces do not agree very well. This 

shows that the rocking motion (displacement) is little dependent 

on the distortions incurred in the scaling of p / E  for the 1/5- 

scale element whereas the forces are largely affected. 

7. Total random errors in the rocking displacement (angle) for two- 
block configurations are relatively small (maximum 7.2% repre- 

senting one standard deviation). Larger errors exist in the 
force data (maximum 15.3%). 

8. Test data from multiblock rocking configurations contairr large 

errors (exceeding 24% for dowel forces) due to deviations in 

test array configuration and element geometry. 

2 
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2. INTRODUCTION 

Rocking tests were performed on 1/5- and l / l - s c a l e  HTGR f u e l  e lements  

t o  o b t a i n  a b e t t e r  computer model r e p r e s e n t a t i o n  of  t h e  c o r e  s t r u c t u r a l  

behavior  under seismic condi t ions .  The b a s i c  p r o p e r t i e s  ob ta ined  from 

t h e s e  tests inc luded  element rocking  ang le ,  rock down f o r c e ,  and dowel p i n  

s h e a r  fo rce .  This  w a s  achieved by t i l t i n g  one element  o r  several elements  

p laced  on top of each o t h e r  t o  some i n i t i a l  re la t ive p o s i t i o n  and r e l e a s i n g  

them. The r e q u i r e d  p r o p e r t i e s  were then measured by s t r a t e g i c a l l y  l o c a t e d  

ins t rumenta t ion .  

This r e p o r t  d e s c r i b e s  t h e  resul ts  of  50 such tests w i t h  1/5-scale  

The m d e l  b locks  and 22 tests wi th  l / l - s c a l e  p r o t o t y p e  f u e l  e lements .  

tests were performed by Approved Engineer ing Test L a b o r a t o r i e s  (AETL), Los 

Angeles. AETL w a s  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  i n s t r u m e n t a t i o n  develop- 

ment and t e s t i n g  phase. Data r e d u c t i o n  and a n a l y s i s  w e r e  t h e  respons i -  1 

b i l i t y  of General Atomic personnel .  The b u l k  of t h e  reduced d a t a  f o r  t h e  

1/5-scale  and l / l - s c a l e  rocking  tests are contained i n  Refs. 1 and 2 ,  

r e s p e c t i v e l y .  

r e d u c t i o n  i s  given i n  t h i s  r e p o r t ' s  appendix. 

A d e s c r i p t i o n  of t h e  methods used i n  d a t a  a c q u i s i t i o n  and 

3 



3. OBJECTIVES 

The s p e c i f i c  o b j e c t i v e s  of  t h e  rocking  tests were: 

1. 

2 .  

3 .  

To e s t a b l i s h  t h e  c h a r a c t e r i s t i c s  of  t h e  one-dimensional rocking 

motion of s t a c k s  of  1/5- and l / l - s c a l e  g raph i t e  f u e l  e lements  

s u b j e c t e d  t o  v a r i o u s  i n i t i a l  angu la r  displacements .  These char- 

a c t e r i s t i c s  i nc lude  rocking  motion, ver t ical  rock-down load ,  and 

dowel s h e a r  f o r c e  obta ined  as t i m e  h i s t o r i e s .  

To u s e  t h e  d a t a  t o  e s t a b l i s h  i n p u t  p a r a m e t e r s  t o  a n a l y t i c a l  

models i nc lud ing  c o l l i s i o n  s p r i n g  rates and damping va lues .  

Within t h e  scope of t h e  t es t ,  t o  e s t a b l i s h  t h e  dynamic s c a l i n g  

r e l a t i o n s h i p  between 1/5- and l / l - s c a l e  e lements .  

4 



4. ONE-FIFTH-SCALE ROCKING TESTS 

4.1. DESCRIPTION OF TEST APPARATUS 

4.1.1. T e s t  Rig 

The test f i x t u r e ,  shown i n  Fig. 4-1, c o n s i s t e d  of a b a s e  s l a b  t o  which 

one 1 /5-sca le  element w a s  r i g i d l y  clamped i n  an upr igh t  p o s i t i o n  such t h a t  

t he  top s u r f a c e  of t h e  b lock  dev ia t ed  no more than  + 1 / 4 O  from t h e  h o r i -  

zon ta l .  

t h e  clamped b lock)  one on top  o f  ano the r ,  each  t i l t e d  a t  an ang le  t o  t h e  

b lock  below. 

from t h e  i n i t i a l  t i l t e d  conf igu ra t ion .  The b locks  w e r e  f r e e  t o  rock  about  

one a x i s  (desc r ibed  i n  S e c t i o n  4.1.3) upon t h e i r  release, w i t h  no  i n t e r f e r -  

ence from t h e  f i x t u r e .  A d e t a i l e d  l a y o u t  o f  t he  test f i x t u r e  is  shown i n  

AETL Drawing No. 5430-5845-5-1." The test procedure i s  d e t a i l e d  i n  Ref. 3. 

The r i g  was capable  of suppor t ing  t h r e e  g r a p h i t e  b locks  (exc luding  

A qu ick - re l ease  dev ice  w a s  i nco rpora t ed  t o  release t h e  b locks  

4.1.2. Graphi te  Elements 

The 1 /5-sca le  b lock  w a s  a s c a l e d  v e r s i o n  of the p ro to type  HTGR f u e l  

element. P r i o r  t o  these  and o t h e r  tests w i t h  1/5-scale e lements ,  a s c a l i n g  

a n a l y s i s  w a s  performed t h a t  r e s u l t e d  i n  a set of s c a l i n g  l a w s ,  which are 

given i n  Table 4-1. The d imens iona l  a n a l y s i s  and assumptions made are 

d i scussed  i n  Ref. 4. The scale f a c t o r  X i s  a c o n s t a n t ,  and f o r  the 1/5- 

scale test model X = 1/5. 

Exact s i m i l i t u d e  i n  t h e  1/5 scale b lock  des ign  w a s  n o t  a t t a i n e d  due t o  

(1) the p r a c t i c a l  d i f f i c u l t y  and c o s t  of a t t empt ing  t o  s i m u l a t e  208 pro to-  

type  f u e l  and gas coo l ing  h o l e s  i n  a 1 /5-sca le  b lock ,  and (2) t h e  s e l e c t i o n  

of g r a p h i t e  as t h e  s t r u c t u r a l  material. The 1 /5-sca le  g r a p h i t e  b locks  were 

*These drawings are General Atomic p r o p r i e t a r y  informat ion .  0 
i 5 
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Length 

Velocity 

Acceleration 

Time 

Force 

TABLE 4-1 
SCALING LAWS FOR TEST MODEL 

Stiffness 

Modulus (a) of elasticity 

x = XX 
m P 

j ,  = d i i  
m P .. .. xm = x 

P 
= At 

tm P 

F m = X 3 ( z ) F  P 

K m = X 2 ( $ ) K  P 

E m =?,(?)E P 

e = e  
m P  

U 
%n P 

Coefficient of restitution 

Coefficient of friction 

where X = scale factor, 

m = model, 

p = prototype HTGR. 

(a)Related to across-the-flats stiffness of a 
block. 

7 



designed wi th  an a r b i t r a r y  h o l e  p a t t e r n  made t o  match t h e  s c a l e d  mass and 

c o e f f i c i e n t  of r e s t i t u t i o n .  It w a s  determined t h a t  by ob ta in ing  t h e  cor- 

rect s c a l e d  down va lues  f o r  t h e s e  two parameters ,  t h e  d i s t o r t i o n  i n  t h e  

dynamic c h a r a c t e r i s t i c s  of the  test model would be small. 

r e s u l t e d  i n  a 1/5-scale  bloclc t h a t  w a s  too s t i f f  and tended t o  produce 

dynamic loads  t h a t  w e r e  too l a r g e  on a t r u e  scale b a s i s .  The dowel p i n  

stiffness, on the  o t h e r  hand, w a s  s c a l e d  down c o r r e c t l y  s i n c e  they were 

made from s t ee l  as descr ibed  i n  Ref. 3. 

However, t h i s  

Each b lock  measured 2.81 in .  a c r o s s  the f l a t s ,  s tood  6.24 in .  h igh ,  

and weighed 2.07 l b .  The steel  dowel has  a diameter  of 0.31 and a bending 

s t i f f n e s s  of 3800 2950 l b / i n .  The b locks  used i n  t h e s e  tests were 

des igna ted  A,  B ,  C, and D,  depending on t h e  in s t rumen ta t ion  conf igu ra t ion  

as descr ibed  i n  Sec t ion  4.3. 

4.1.3. Rocking Axis 

The column w a s  rocked about  any one of t h r e e  d i f f e r e n t  axes, 
corresponding t o  t h r e e  edges as s p e c i f i e d  f o r  t h e  hexagonal block,  shown i n  

Fig. 4-2. 

4.2. INSTRUMENTATION 

4.2.1. General  

A d e t a i l e d  d e s c r i p t i o n  of  t h e  in s t rumen ta t ion  used i n  t h e  1/5-scale  

tests, inc lud ing  in s t rumen t  type ,  manufacturer ,  model number, range,  and 

accuracy,  is given i n  Table 4-2. These ins t ruments  inc luded  t r ansduce r s ,  

s i g n a l  cond i t ion ing  in s t rumen ta t ion ,  and d a t a  r eco rd ing  equipment. The 

response from each t r ansduce r  w a s  an analog  signal v o l t a g e ,  which could 

e i t h e r  be output  t o  an o s c i l l o g r a p h  r e c o r d e r  o r  converted t o  a d i g i t a l  

e q u i v a l e n t  by a computer and p u t  on magnetic tape.  

as i n p u t  t o  d a t a  r educ t ion  so f tware  f o r  f u r t h e r  d a t a  a n a l y s i s .  Data 

a c q u i s i t i o n  and d a t a  r educ t ion  are f u r t h e r  desc r ibed  i n  t h e  appendix. 

The t a p e  w a s  then used 
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TABLE 4-2 
TEST INSTRUMENTATION - 3/5-SCALE AVD I/l-SCALE ROCKING TESTS 

Instrument 

Galvanometer amplifier 

Charge amplifier 
Charge amplifier 

Charge amplifier 

Charge amplifier 

Digital volt-ohmmeter 

DC power supply 

A Strain gages (36) 
0 

Load cell 

Load cell 

Load cell 

Load cell 

Load cell 

Load cell 

Load cell 

LVDT 

LVDT 

Tape recorder 

Power supply 

Power supply 

Manu f ac tur er 

Honeywell, Inc . 
Kistler Instruments 

Kistler Instruments 
Kistler Instruments 

Ki s t 1 er Instrument s 
Dana Electronics 

Power Design Inc. 

J. P. Semiconductor 
Kistler Instruments 

Kistler Instruments 

Kistler Instruments 

Kistler Instruments 

Kis tler Instruments 

Kistler Instruments 

Kistler Instruments 

G. L. Collins 

G. L. Collins 

Wangco Inc. 

Varian Data Machines 

Varian Data Machines 

Model 

T 6 GA- 5 0 0 
5 04 
568 

568 

568 

2000 

TW5005 

JP-090-500 

9011 

9011 

9011 

9011 

9011 

9011 

9011 

SS109 

SS109 

10 
620/L-95-5 

03-950085-01 

Range 

dc to 50 kEz 

100,000 pcb 

100,000 pcb 

10,000 pcb 

10,000 pcb 
k200 Vdc 

k30 Vdc 

k2000 vin. /in. 

+3500 lb 

+3500 lb 

+3500 lb 

+3500 lb 

+3500 lb 

+3500 lb 
+3500 lb 

k1.5 in. 

k1.5 in. 

45 ips 

+5, +12 vac 

k5, +24 Vdc 

Identification 
Number 

E1267S 

D730V 

D729V 

None 

None 

E1065V 

E553V 

None 

D897V 

D895V 

D89 3V 

D894V 

D896V 

D898V 

D775V 

E107V 

E108V 

D804V 

D805V 

D806V 

k2 

20.8 

20.5 

+0.5 

t0.5 

t0.01 
kl.O 

k1.0 

20.5 

k0.5 

50.5 

k0.5 

-10.5 

k0.5 

k0.5 

20.5 

t0.5 

N/A 

I 0, 
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TABLE 4-2 (Continued) 

Instrument 

DC amplifier 

DC amplifier 

DC amplifier 

DC amplifier 

DC amplifier 

DC amplifier 

DC amplifier 

DC amplifier 
10 DC amplifier 

DC amplifier 

DC amplifier 

Recording oscillograph 

Data computer 

Magnetic tape system 

A 

Manufacturer 

c IC 
c IC 
c IC 
c IC 
c IC 
c IC 
CIC 

CIC 

CIC 

c IC 
c IC 
CEC 

Varian Data Machines 

PIC0 Periph. Inter. 
Corp. 

Model 

3 1 0 1 -D 3P 
3 10 GD3P 

3 10 1 -D 3P 
3 10 1-D 3P 

3101-D3P 

3101-D3P 

3101-D3P 

3101-D3P 

3101-D3P 

3101 -D3P 

3101-D 3P 

5-124 

620/L-100 

MT-6 2 

Range 

XlOOO 
XlOOO 
XlOOO 
xlooo 
X l O O O  

XlOOO 
XlOOO 
XlOOO 
xlooo 
XlOOO 
XlOOO 
18 channels 
8000 core 

9 track 

Identification 
Number 

D778V 

D780V 

D786V 

D791V 

D782V 

D784V 

D785V 

D779V 

D792V 

D793V 

D777V 

E5 7 OV 
D802V 

D803V 

Accuracy 
(2) 

20.1 

20.1 

20.1 

20 .1 

20.1 

20.1 

20.1 

20.1 

20 .1 

20.1 
40.1 
-- 
N/A 

N/A 

1 0,' 



4.2.2. Ins t rument  Development Program 

P r i o r  t o  t h e  1/5-scale  rocking  tests, an ins t rument  development 

program known as the Basic Rocking T e s t  Study w a s  conducted. 

inc luded  t h e  d e s i g n  of a 1/5-scale  s teel  dowel w i t h  JP-090-500 s t r a i n  gages 

f o r  measuring dowel f o r c e s ,  Kistler load  washers Model 901A f o r  t h e  

measurement of  ve r t i ca l  rock-down f o r c e s ,  and t h e  use of eddy c u r r e n t  

probes (Dymac Model M61) f o r  measuring t h e  rocking  angle  between elements .  

These d e s i g n s  were incorpora ted  i n  two 1/5-scale  e lements  (F igs .  4-3 and 

4-4)and t e s t e d .  The tests, r e p o r t e d  i n  Ref. 5 ,  showed very  good i n s t r u -  

mentat ion performance. 

This program 

The t e s t e d  s t i f f n e s s  va lue  of  t h e  dowel p i n s  a f t e r  i n s t a l l a t i o n  w a s  

w i t h i n  14% of  t h e  des ign  value. S t a t i c  and dynamic c a l i b r a t i o n s  of  t h e  

a t t a c h e d  s t r a i n  gages showed approximately t h e  same v a l u e s ,  and small 

v a r i a t i o n s  i n  t h e  p o s i t i o n  of t h e  a p p l i c a t i o n  of t h e  dowel load  d i d  n o t  

produce any s i g n i f i c a n t  changes i n  t h e  s t r a i n  gage reading.  

The eddy c u r r e n t  probes provided a c c u r a t e  measurements i n  a narrow 

gap range from 0.0 t o  0.1 i n .  Outside t h i s  range ,  measurements w e r e  

ob ta ined  u s i n g  t h e  n o n l i n e a r  p o r t i o n  of t h e  c a l i b r a t i o n  curve.  The two 

probes i n s t a l l e d  allowed a n g l e s  up t o  15" t o  be measured, which i s  above 

t h e  maximum v a l u e  of 6" ob ta ined  from HTGR f u e l  element des ign  d a t a .  

S ince  t h e  rock-down l o a d  i s  v i r t u a l l y  imposs ib le  t o  measure w i t h  

s t r a i n  gages, l o a d  ce l l s  w e r e  t h e  b e s t  alternative. Four l o a d  cel ls  w e r e  

embedded n e a r  t h e  element  edges and capped w i t h  g r a p h i t e  b u t t o n s  which 

pro t ruded  s l i g h t l y  from t h e  element  s u r f a c e .  

would then  only be  t r a n s m i t t e d  through t h e  load  cel ls .  

t h e  l o a d  cel ls  were preloaded as recommended by the manufacturer.  S ince  

t h e  s t i f f n e s s  o f  t h e  l o a d  c e l l  i t se l f  i s  much l a r g e r  than t h e  s t i f f n e s s  of  

t h e  g r a p h i t e  element,  r e l i a b l e  rock-down load  could  b e  obta ined  t h i s  way 

and no c a l i b r a t i o n  would b e  necessary.  A problem, however, w a s  t o  a d j u s t  

t h e  p r o t r u s i o n  of  t h e  l o a d  c e l l  assembly above the g r a p h i t e  s u r f a c e  

a c c u r a t e l y  enough such t h a t  e lement  wobbling could b e  k e p t  t o  a minimum. 

The element  rock-down f o r c e  

For b e s t  r e s u l t s ,  
I 
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4 . 2 . 3 .  Element Ins t rumenta t ion  

The f o u r  b locks  employed i n  t h e  1/5-scale  rocking tests were 

instrumented as fo l lows  : 

Block A: 

Block B: 

Block C: 

Block D: 

Dummy block  - no ins t rumenta t ion .  See Fig. 4-5. 

Top - S t r a i n  gages on a l l  t h r e e  dowels l o c a t e d  i n  t h e  rocking 

d i r e c t i o n  and normal t o  t h e  rocking  d i r e c t i o n .  

Bottom - Four load  ce l l s ,  two on each s i d e  of t h e  rocking a x i s .  

See Fig. 4-6. 

Top - Two eddy c u r r e n t  probes ,  one on each  s i d e  of  t h e  rocking  

axis. See Fig. 4-7. 

Top - S t r a i n  gages on a l l  t h r e e  dowels both  p a r a l l e l  t o  t h e  

rocking a x i s  and normal t o  t h e  rocking  axis;  two eddy c u r r e n t  

probes,  one on each s i d e  o f  t h e  rocking  axis. See Fig. 4-8. 

The s t r a i n  gages w e r e  c a l i b r a t e d  t o  measure dowel shear f o r c e  on i n d i v i d u a l  

dowel p ins .  

eddy c u r r e n t  probes measured t h e  a n g u l a r  displacement  o f  one rocking  b lock  

relative t o  t h e  o t h e r .  Each ins t rument  w a s  c a l i b r a t e d  b o t h  b e f o r e  t h e  

f i r s t  test on a given day and a f t e r  all tests w e r e  completed t h a t  day, 

e x c e p t  i n  t h e  e v e n t  t h a t  a change w a s  made t o  t h a t  instrument .  Transducer  

d e t a i l s  and c a l i b r a t i o n  f a c t o r s  are given i n  Table 4 - 3 ;  t h e  e x a c t  l o c a t i o n  

of each t r a n s d u c e r  i n  t h e  g r a p h i t e  e lements  is  shown i n  Fig. 4-9. 

The load  ce l l s  measured d i r e c t l y  t h e  rock-down load ,  and t h e  

4.2.4. Data A c q u i s i t i o n  I n s t r u m e n t a t i o n  

A d e s c r i p t i o n  of  t h e  d a t a  a c q u i s i t i o n  system showing t h e  measurement 

c i r c u i t s  f o r  a l l  t ransducer  t y p e s  i s  given i n  Figs.  4-10 through 4-13. 

The s t r a i n  gages (Fig. 4 - 1 0 ) ,  which w e r e  of t h e  semiconductor type,  

were i n s t a l l e d  on t h e  dowel p i n s  t o  measure shear force.  The c i r c u i t  

1 6  
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STEEL DOWEL 
(3  PLACES) 

SOCKET 
(3 PLACES) 

Fig .  4-5. One-fifth-scale element A 
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STEEL DOWEL 
WISTRAIN GAGES 
Y'-AXIS - CHANNEL NO. 9 
)('-AXIS - CHANNEL NO. 10 

LOAD CELL NO. 3 

0 ") 
V %  

\('-AXIS - CHANNEL NO. 7 
X'-AXlS - CHANNEL NO. 8 

STEEL DOWEL - WISTRAIN GAGES 
Y'-AXIS - CHANNEL NO. 11 
X'-AXIS - CHANNEL NO. 12 

Fig, 4-6.  One-fifth-scale element B 
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+- 

EDDY CURRENT 
PROBE NO. 2 - CH NO. 16 

PROBE NO. 1 - CH 

SOCKET 
(3 PLACES) 

NO. 15 

Fig, 4-7. One-fifth-scale element C 

1 9  



-STEEL DOWEL 
W/STRAIN GAGES 

Y'-AXIS - CHANNEL NO. 1 
XI-AXIS - CHANNEL NO. 2 

EDDY CURRENT 
PROBE NO. 1 - CH NO. 13 

STEEL DOWEL 
W/STRAIN GAGES 

)('-AXIS - CHANNEL NO. 4 

STEEL DOWEL 
WETRAIN GAGES 

YI-AXIS - CHANNEL NO. 3 

Y'-AXIS - CHANNEL NO. 5 
X'-AXIS - CHANNEL NO. 6 

EDDY CURRENT 
PROBE NO. 2 - CH NO. 14 

I SOCKET 
(3 PLACES) 

Fig. 4-8 .  One-fifth-scale element D 
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Transducer 

Load c e l l  

Load c e l l  

Load c e l l  

Load c e l l  

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

Eddy probe 

Eddy probe 

Eddy probe 

Eddy probe 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

TABLE 4-3 
INSTRUMENTATION AND MEASURED CALIBUTION FACTORS 

FOR 1/5-SCALE ROCKING TEST 

rransducer 
Number 

1 

2 

3 

4 

5 

6 

8 

9 

10 

11 

13 

14 

15 

16  

18 

19  

22 

23 

25 

26 

I I 1 
Mult iplexer  Ca l ib ra t ion  Fac tor  

Associated S e n s i t i v e  Channel 
Block I Axis I Numbers I Sequence A(a) Sequence B(a) 

1, 4 1  

2 ,  4 2  

3, 43 

4 ,  44 

5, 45 

6 ,  46 

8 ,  48 

9, 49 

10, 50 

11, 51 

13, 53 

14 ,  54 

15 ,  55 

16,  56 

18 ,  58 

19 ,  59 

22 ,  62 

23, 63 

25, 65 

26, 66 

0.01800 

0.01800 

0.01220 

0.01220 

0.07382 

0.08405 

0.08751 

0.09130 

0.09590 

0.09328 

Nonlinear 

Nonlinear  

Nonlinear 

Nonlinear  

0.09499 

0.08001 

0.08275 

0.09779 

0.08768 

0.0845 7 

0.02440 

0.02440 

0.02440 

0.02440 

0.07413 

0.08384 

0.09176 

0.08217 

0.09874 

0.09457 

Nonlinear 

Nonlinear 

Nonlinear 

Nonlinear 

0.08933 

0.07993 

0.09744 

0.10247 

0.06809 

0.07743 

(a)Test  sequence A cons i s t s  of tests 1 through 21, 23, and 24. Test sequence B 
c o n s i s t s  of test  22 and tests 25 through 50. Fac tors  are shown i n  v o l t s / d i g i t a l  count.  
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TYPICAL LOAD C TYPICAL STRAIN - 
GAGED DOWEL (3) 

TYPICAL EDDY CURRENT 
PROBE (2) 

DIMENSIONS IN INCHES 

Fig .  4 - 9 .  Transducer  l o c a t i o n s  i n  t h e  3/5-scale element 
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DOWEL STRAIN 

SEMI CONDUCT0 R 
GAGES (DC-20 k Hz) 

BRIDGE 
BALANCE 
SIGNAL 
CONDITIONING 
DC-20 kHz 

D C-AMPLI FI E R 
DC-10 kHz 

COMPUTER MUX * PROTECTION 
GALVANOMETER 
AMPLIFIER 
DC-10 kHz 

TO OSCILLOGRAPH 
(AS REQUIRED) 4 
(DC-2000 Hz) 

TO COMPUTER 

Fig. 4-10. Dowel force measurement system ( s t r a i n  gages) 

23 



QUARTZ 
LOADCELL 
(DC-50 KHZ) 

Fig. 4-11. Rock-down load measuring system (quartz load cells) 

CHARGE 
+ AMPLIFIER 

DC-20 k HZ 
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i 

EDDY CURRENT EDDY CURRENT 
PROBE PROXIMETER 

4 (DC-50 k H z )  (DC-50 KHz) 

DC POWER 
SUPPLY 

i 

COMPUTER MUX 
PROTECTION 

POTENTIOMETER 

TO OSCILLOGRAPH 
(AS REQUIRED) 4 

GALVANOMETER 
(DC-2000 Hz) 

AMPLIFIER (DC-10 kHz) 

F i g ,  4-12. Element displacement measuring system (eddy c u r r e n t  probes)  
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LINEAR VARIABLE 
DIFFERENTIAL 
TRANSFORMER 
(LVDT) k 1.5 INCHES 
(DC-100 Hz) 

A 

DC POWER 
SUPPLY 

1 - b ~ ~  T O  COMPUTER 
COMPUTER MUX 
PROTECTION 

GALVANOMETER 
AMPLl Fl ER ( D C - 1 0  k Hz) 

TO OSCl P LLOG RAPH 

(AS REQUIRED) 
DC-2000 HZ 

Fig. 4-1 3. Element displacement measuring system (LVDTS) 
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no tab ly  conta ined  a peak holder .  

record  and hold  the  maximum value between d i g i t a l  t i m e  i n t e r v a l s  i n  t h e  

event  t h e  t i m e  i n t e r v a l  w a s  l a r g e  i n  comparison wi th  t h e  p u l s e  du ra t ion  of 

t h e  maximum. Figure 4-11 shows the  measurement system f o r  t h e  load c e l l s ,  

which measured t h e  impact load  of an element rocking  down on another  

element. These were p i e z o e l e c t r i c  c r y s t a l  washers,  which measured t h e  load  

d i r e c t l y .  Two displacement  measuring systems (F igs  4-12 and 4-13) 

monitored the  angle  of rocking between two blocks.  The f i g u r e s  show an 

eddy c u r r e n t  probe and a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t ransducer  (LVDT) , 
r e s p e c t i v e l y .  

measured a c c u r a t e l y  i n  t h e  range up t o  0.2 in.;  i t  w a s  used i n  t h e  1/5- 

scale tests only.  

The func t ion  o f  t h i s  ins t rument  w a s  t o  

The eddy c u r r e n t  probe, which i s  an e l ec t romagne t i c  device ,  

4.3. TEST SCOPE 

Table 4-4 g ives  a d e s c r i p t i o n  of a l l  1/5-scale  tests. The t e s t i n g  w a s  

conducted i n  t h e  fol lowing sequence : 

T e s t s  1 through IO: V e r i f i c a t i o n  of t h e  system and ins t rumenta t ion .  

Tests 1 1  through 25: Determination of the  e f f e c t s  of  i n s t rumen ta t ion  

on b lock  dynamics. 

Tests 26 through 50: Obtain d a t a  t o  meet t h e  test o b j e c t i v e s  as s t a t e d  

i n  Sec t ion  2. 

The t a b l e  also i d e n t i f i e s  t h e  tests accord ing  t o  b lock  conf igu ra t ion ,  

i n i t i a l  angle ,  and rocking axis. 

Block conf igu ra t ion  B / C / D  means b lock  D i s  t h e  clamped base  b lock ,  C 

i s  on top of D, and B on top of C. The i n i t i a l  angle  r e p r e s e n t s  t h e  

r e l a t i v e  t ilt  between b locks  s t acked  on top of each  o ther .  (B /C/D a t  

angles  3"/20° means B t i l ts  8" wi th  r e s p e c t  t o  C and C t i l t s  20" wi th  

r e s p e c t  t o  D.) The rocking axes ,  denoted as X, Y ,  o r  Z ,  are def ined  i n  

Fig. 4-9. 
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TABLE 4-4 
ONE-FIFIIE-SCALE TEST PLAN 

T e s t  

1 

2 

3 

4 
5 

6 

7 

8R(b) 

9R 

10 

11 

12 
1 3  

14 

15 

16 

Desc r ip t ion  

Conf igura t ion  

A/ B 

A/D 

A/ D 

A/ D 

C / D  

C/D 

B / C / D  

-- 

B/C/D 

B / C / D  

Angle 

5" 

20 " 

5" 
20 " 
5" 
20" 

5" 

20" 
20" 

20" 

5" 
20" 

2O0/O0 

-- 

8"/20° 

8"/20° 

Rocking 
Axis 

X 

X 

X 

X 
X 

X 

X 

Y 
Y 
Z 

X 

X 

X 

-- 

X 

X 

Remarks 

Load ce l l  3 (A-01-5)(a) never 
recorded above t h e  e l e c t r o n i c  
n o i s e  l e v e l .  No t i m e  h i s t o r y  
a v a i l a b l e .  

Load c e l l  3 (A-02-5) never 
recorded above t h e  e l e c t r o n i c  
n o i s e  l e v e l .  No t i m e  h i s t o r y  
a v a i l a b l e .  

Load ce l l  1 (A-07-3) s a t u r a t e d  
on t h r e e  rocking e v e n t s ,  Load 
c e l l  3 never recorded any d a t a  
above t h e  n o i s e  l e v e l  (A-07-5). 

Repeat of  t es t  8. 

Load c e l l  3 (A-13-6) never 
recorded any d a t a  above t h e  
n o i s e  level.  Load c e l l  2 sa tu -  
r a t e d  on two s e p a r a t e  rocking  
even t s  (maximum load  = 73.6 lb 
a t  10 v o l t s )  (A-13-5). 
Data from t h i s  test w a s  no t  
r ecove rab le .  

Same comments as f o r  t es t  1 3 .  

Repeat of test 15. Load c e l l  2 
n o t  func t ion ing  (no load  r ead ings ) .  
Load c e l l  3 s a t u r a t e d  a t  one 
p o i n t  (A-16-4,5) . 
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TABLE 4-4 (Continued) 

Test 

1 7  

18  

1 9  

20 

2 1  

22 

23 

- 24 

25 

26 

27 
28 

29 

30 

31R 

32 

33 

34 

35 

36 

37 

38 

39 

Des c r  i p  t ion 

Conf igura t ion  Angle 

2oo /o0  

O0/10" 

2oo /oo /oo  

8'120" 

-- 

-- 

20" 10" I O "  

0"/0" /8"  

20" 18 " 15" 

2 o o / o 0  

o o / l o o  
20"/8" 

2oo/o0  

0"/10" 

20°/8" 

20°/8" 

20°/8" 

O0/10" 

2oo/oo/oo 

0° /00 /20  

o o / o o / 8 0  

5"/5"/2"  

20"/8" 

~~ 

Rocking 
Axis 

X 
X 
X 
X 

-- 

-- 

X 

x 

X 

Y 

Y 
Y 

X 

X 
X 
X 
Y 

Y 
Y 

Y 
Y 

Y 

Y 

29 

Remarks 

Load c e l l  2 (A-20-5)(a) s a t u r a t e d  
on one rocking event .  Load c e l l  
3 (A-20-6) no t  func t ion ing .  

Data from t h i s  tes t  w a s  no t  
recoverable .  

Data from t h i s  t es t  w a s  no t  
recoverable .  

Load c e l l  2 (A-23-4) s a t u r a t e d  
on one rocking event .  Load c e l l  
3 (A-23-5) no t  func t ion ing .  

Load c e l l  3 (A-24-5) no t  
func t ion ing  . 
DC b i a s  on s t r a i n  gages 5 and 6 
(A-25-7 and A-25-8). Load c e l l  
3 (A-25-5) never r eco rds  any 
d a t a  above t h e  no i se  l e v e l .  

Repeat of tes t  31. 

DC b i a s ,  load  c e l l  3 (A-35-5). 

DC b i a s ,  load c e l l  2 (A-39-5). 



TABLE 4-4 (Continued) 

Angle T e s t  

40 

4 1  
42 

43 

44 

45 

46 

47 
48 

Rocking 
Axis 

I 
49 
5 OR 

D e s c r i p t i o n  

Conf igura t ion  

A / B / C / D  

A / C / B / D  

A/ C / B/D 

-- 

A / C / B / D  

A/ C /  B/ D 

A / C / B / D  

A / C / B / D  

A/C/B/D 

A / B / C / D  

A/ B /C  / D  

200 a" I 5 o 

2oo /o0  10" 

o o / o o / 2 0  

-- 

5"/5"/2" 

2oo/a0/50  

20° /00/00  

0" I O 0 /  2" 

5 ° / 5 0 / 2 0  

20°/80/50 

0 " / 0 ° / 8 "  

Y 

X 
X 

-- 

X 
X 
Y 

Y 

Y 

Y 

Y 

Remarks 

DC b i a s ,  l oad  ce l l  2 (A-39-5). 

S t r a i n  gage 18 (A-42-14) may 
n o t  have been func t ion ing .  

Data from t h i s  test w a s  no t  
r ecove rab le .  

DC b i a s ,  l oad  c e l l  1 (A-46-4). 

( a )Refe r s  t o  a f i g u r e  i n  Ref. 1 ;  i . e . ,  A-39-5 means t es t  39 ,  

(b)The l e t t e r  R s u f f i x e d  t o  a test number i n d i c a t e s  t h a t  t h e  t e s t  w a s  

f i g u r e  5 .  

r epea ted  due t o  problems$ o r  d i s c r e p a n c i e s .  One-f i f th-sca le  tests t h a t  
w e r e  r epea ted  i n c l u d e  8, 9 ,  31, and 50. 
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4 . 4 .  TEST RESULTS 

4.4.1. General  

This  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  and b r i e f l y  d i s c u s s e s  t h e  1/5-scale  

r e s u l t s .  Typica l  r e s u l t s  on ly  are presented ;  t h e  b u l k  of t h e  d a t a  i s  

l o c a t e d  i n  Ref. 1. 

Unfortunately,  t h e  u s e f u l n e s s  of  t h e  l / l i -scale  test d a t a  has  proved 

somewhat l i m i t e d  s i n c e  e i t h e r  an apparent  ins t rument  malfunct ion o r  a 

problem i n  t h e  d a t a  t ransmiss ion  went undetected f o r  t h e  d u r a t i o n  o f  t he  

t e s t i n g .  The ins t rument  i n  q u e s t i o n  w a s  Ristler Load C e l l  No. 3, which 

n e v e r  gave a load reading  above t h e  genera l  n o i s e  level.  Hence, t h e  t o t a l  

rock-down load ,  which i s  obta ined  by adding t h e  response from a l l  f o u r  load  

ce l l s ,  may n o t  be  c o r r e c t .  Furthermore, from t h e  s t r a i n  gage d a t a  i t  may 

be  concluded t h a t ,  i n  some cases, t h e  b locks  w e r e  n o t  rocking p l a i n l y  about 

t h e  rocking a x i s  b u t  showing cons iderable  random wobbling motion. This w a s  

d e t e c t e d  by t h e  dowel s t r a i n  gages l o c a t e d  normal t o  t h e  d i r e c t i o n  of 

rocking,  which recorded s u b s t a n t i a l  loads .  This phenomenon can b e  expec ted  

s i n c e  t h e  1/5-scale b locks  are very l i g h t  and e a s i l y  a f f e c t e d  by s l i g h t  

"binding" of  t h e  dowels due t o  s m a l l  c l e a r a n c e s  between t h e  dowel p i n s  and 

t h e  dowel p i n  sockets .  These problems w e r e  i n v e s t i g a t e d  and are d e s c r i b e d  

i n  more d e t a i l  i n  Ref. 6 .  

The t o t a l  dowel p i n  shear load w a s  ob ta ined  f r o m  

v e c t o r  sum of t h e  t h r e e  i n - l i n e  s t r a i n  

t h r e e  normal s t r a i n  gages (Y Y 2 ,  and 

t h e  i n s t a n t a n e o u s  

and X3), and t h e  

(Fig.  4-2 )  : 

+ 2 12 
T o t a l  Shear Force =d X; Y, 
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Rocking about t h e  Y and t h e  Z axes i s  shown i n  Figs. 4-16 and 4-17. 

These f i g u r e s  can be  compared w i t h  Fig. 4- 5 s i n c e  a l l  r e p r e s e n t  t h e  20" 

i n i t i a l  rocking  angle. The curves s h o w  ve ry  l i t t l e  d i f f e r e n c e  i n  rocking  

behavior ,  as expec ted ,  except  t h a t  rocking  about  t h e  X-axis seemed t o  g ive  

somewhat h i g h e r  amplitude response.  This  could  be due t o  t h e  geomet r i ca l  

arrangement of tlie dowels in t h e  b lock ,  which i s  n o t  t h e  s a m e  w i t h  r e s p e c t  

t o  t h e  X, Y ,  and Z axes. 

4.4.3. Dowel Force 

A t y p i c a l  dowel p i n  s h e a r  f o r c e  t i m e  h i s t o r y  i s  p resen ted  i n  F ig .  

4-18. This  t r a c e  r e p r e s e n t s  t h e  v e c t o r  sum of a l l  s i x  s t r a i n  gages mounted 

on t h e  t h r e e  dowels. In most cases, t h e  peak load  occurs  upon b lock  

impact;  i.e., a t  ze ro  rock ing  angle.  This may be seen by superimposing t h e  

rocking  ang le  and dowel f o r c e  t i m e  h i s t o r y  p l o t s ,  Figs.  4-14 and 4-18. 

4.4.4. Rock-Down Force 

F igure  4-19 shows B t y p i c a l  l o a d  c e l l  measurement of  rock-down f o r c e  

( load  ce l l  110. 1) .  It i s  observed t h a t  t h e  maximum load  does n o t  always 

occur on t h e  f i r s t  impact. The r eason  f o r  t h i s  i s  t h a t  t h e  dowels 

themselves t a k e  some of t h e  rock-down load  by i n t e r f e r i n g  wi th  t h e  b lock  

rocking  motion. Th i s  i s  a random occurrence  and depends only on how t h e  

b locks  are a l igned  i n i t i a l l y .  
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4.4.2. Rocking Angle 

Typ ica l  rocking  ang le  decay t i m e  h i s t o r i e s  f o r  one b lock  rocking  on 

top  of another  b lock  are p resen ted  i n  Figs.  4-14 and 4-15. Figure  4-14 

shows rocking  about  tlie X-axis a t  a 5 "  i n i t i a l  release ang le ,  and Fig. 4-15 

a t  a 20" i n i t i a l  ang le .  The frequency of rocking  i s  shown t o  dec rease  

wi th  an i n c r e a s e  i n  i n i t i a l  ang le ;  a t  5" t h e  frequency is about 3.5 Hz, 

whi le  a t  20" t h e  frequency i s  about 2.5 Hz. The loga r i thmic  decrements,  

a l s o  c a l c u l a t e d ,  corresponded t o  an average  v i scous  damping f a c t o r  of 

about 12% of c r i t i c a l .  



\ 

4.8 

4.0 

3.2 

2.4 

1.6 
I cn 
w 
w 

0.8 
w 
0 

w 
1 

z 

- 
a 0  
a 

-0.8 

-1.6 

-2.4 

-3.2 

-A n 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .o 

TIME (SECONDS) 

Fig. 4-14. Rocking Motion - 1/5-scale, two-block configuration, 5" initial 
angle, X-axis 
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I l l 1  
ECP'S 13 & 14, TEST 6 

I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

TIME (SECONDS) 

Fig .  4-15. Rocking motion - 1/5-sca le ,  two-block c o n f i g u r a t i o n ,  20' i n i t i a l  
ang le ,  X-axis 
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Fig. 4-16. Rocking motion - 1/5-scale, two block configuration, 20" 
initial angle, Y-axis 
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ELP'S 13& 14. TEST 10' 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 
TIME (SECONDS) 

Fig, 4-37. Rocking motion - 1/5-scale, two-block configuration, 20" 
initial angle, Z-axis 
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4.8 

+ 
4.4 

VECTOR SUM OF SG'S 5 ,6 ,8 ,9 ,10 ,  1 1  1/5 SCALE BRT 5 

4.0 

3.6 

3.2 

5 2.8 - 
w 
u 

2.4 
U 

z a 
2.0 

1.6 

1.2 

0.8 

0.4 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .o 
TIME (SECONDS) 

Fig. 4-18. Dowel shear force - 1/5-scale, two-block configuration, 5' 
initial angle, X-axis 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.8 0.9 1 .o 
TIME (SECONDS) 

Fig. 4-19. Rock-down force - 1/5-scale, two-block configuration, 5" 
initial angle, X-axis 
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A summary of t h e  r e s u l t s  from t h e  1 /5-sca le  tests i s  g iven  i n  Table 

4-5. The t a b l e  inc ludes  t h e  maximum t o t a l  rock-down loads  and dowel loads  

where app l i cab le .  

r o  ck-down as mentioned above. 

These loads  were n o t  n e c e s s a r i l y  recorded on t h e  f i r s t  
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Test 

1 

2 

5 

6 

7 

8R 

9R 

10 

11 

1 2  

1 3  

1 5  

16  

1 7  

1 8  

1 9  

20 

23 

24 

25 

26 

27 

28 

29 

30 

3 1 R  

32 

33 

34 

35 

TABLE 4-5 
ONE-FIFTH-SCALE MAXIMUM ROCK-DOWN AND DOWEL LOADS 

I n i t i a l  Condi t ions  

Conf igura t ion  Angle 

5" 

20" 

5" 

20 O 

5" 

20" 

20" 

20" 

5" 

20" 

2O0/O0 

8"/20° 

8"/20° 

2 O 0 / O 0  

o o / l o o  

20"/0"/0" 

20°/0 "/O" 
O o / O 0 / 8 "  

20"/8"/5" 

8O/2Oo 

2oo/o0 

0°/100 

2oo/o0 

o o / l o o  
2 O o / 8 O  

2 O o / 8 O  

2oo/o0 

o o / l o o  

20°/8" 

20°/8" 

Rocking 
Axis 

X 

X 

X 

X 

X 
Y 

Y 
2 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 
X 

X 

Y 
Y 
Y 
X 
X 

X 

X 

Y 

Y 

Y 

40 

T o t a l  Maximum 
Rocking Load (a,b) 

( Ib )  

N/A 

N/A 

N/A 

N/A 

90 

N/A 

N/A 

N / A  

N/A 

N / A  

85 

88 

86 

N/A 

N/A 

N/A 

108 

92 

90 

21 

28 

23 

19  

4 1  

51  

52 

51  

25 

37 

34 

T o t a l  Maximum 
Dowel Load ( a )  

O b  1 

4.5 

6.6 

4.5 

7 . 7  

N/A 

6.8 

5.2 

6.4 

4.8 

6.8 

3.1 

2.5 

2.3 

6.8 

3.8 

3.9 

5.3(B), 3.9(D) 

3.3 

2.6 

5.0 

7.7 

2.1 

2 .2  

7 .4(b) ,  4.4(D) 

4.6(B), 4.5(D) 

3.8(B), 6.7(D) 

3.6(B), 7.3(D) 

3.O(B), 5.2(D) 

3.4(B), 3.2(D) 

3.O(B), 3.8(D) 



TABLE 4-5 (Continued) 

A / B / C / D  

A/B/C/D 
I A / B / C / D  

~ A/B/C/D 

A/B/C/D 

A/ C / B I D  

A / C / B / D  

A/C/B/D 

A/C/B/D 

A / C / B / D  

A/C/B/D 

A/C/B/D 

A/B/C/D 

A/B/C/D 

I Initial Conditions 

Rocking 
Configuration 1 Angle I Axis 

Total Maximum 
Rocking Load(a,b) 

(Ib 1 

To tal Maximum 
D o w e l  Load (a) 

(Ib) 

36 

37 

38 

39 

40 

4 1  

4 2  

44 

45 

46 

47 

48 

49 

5 OR 

20 "/0° IO0 
0°/00/2" 

O o / O o / 8 0  

5 " / 5 ' / 2 O  

2 O o / 8 O / 5 O  

2 o o / o o / o o  

o o / o o / 2 0  

5 ' / 5 ' / 2 O  

2O0/8O/5O 

20° 10 0 / 0 °  

o o / o o / 2 0  

0° /00/80  

5 O / 5 O / 2 O  

2 O 0 / 8 O / 5 O  

Y 

Y 
Y 
Y 

Y 
X 

X 

X 
X 

Y 

Y 

Y 

Y 
Y 

32 

1 7  

20 

2 1  

18 

60 

2 2  

34 

32 

2 1  

18 

23 

1 9  

1 7  

5 . 2 ( D ) ,  4 .2 (B)  

3 . 3 ( D )  , 3 . 1 ( B )  

2 . 5 ( D ) ,  2 . 6 ( B )  

4 . 2 ( D ) ,  2 . 8 ( B )  

3 . O ( D )  , 2 . 4 ( B )  

3 . 9 ( D ) ,  5 . 4 ( B )  

1 . 9 ( D ) ,  1 . 4 ( B )  

4 . 8 ( D ) ,  2 . 7 ( B )  

3.3(D),  3 . 8 ( B )  

5 .6(D) ,  7 . 9 ( B )  

2 . O ( D ) ,  l . O ( B )  

1 . 9 ( D )  , 1 . 2 ( B )  

2 . 6 ( D ) ,  3 . O ( B )  

2 . 7 ( D ) ,  2 . 8 ( B )  

(a)Does not necessarily represent first rock-down after initial release. 

(b)Load component from load cell No. 3 not included. 
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5. FULL-SCALE ROCKING TESTS 

5.1. DESCRIPTION OF TEST APPARATUS 

A d e t a i l e d  d e s c r i p t i o n  of  t h e  l / l - s c a l e  test des ign  and instrumen- 

t a t i o n  i s  given i n  Ref. 7. 

5.1.1. T e s t  Rig 

The test f i x t u r e  f o r  t h e  l / l - s c a l e  rocking  test w a s  designed t o  t h e  

s a m e  p r i n c i p l e s  as t h e  1 /5 - sca le  test fixture, b u t  the d e s i g n  p e r m i t t e d  

only  two elements  rocking  on t h e  b a s e  element as compared t o  t h r e e  i n  t h e  

1/5-scale  test. The test f i x t u r e  i s  shown i n  Fig. 5-1. 

5.1.2. Graphi te  Elements 

Each g r a p h i t e  b l o c k  used i n  t h e  l / l - s c a l e  tes ts  w a s  an a c c u r a t e  

reproduct ion  of an HTGR f u e l  e lement ,  w i t h  t h e  fo l lowing  excep t ions :  

s teel  rods were i n s e r t e d  i n  t h e  b lock  t o  compensate f o r  t h e  weight of f u e l  

p a r t i c l e s ,  and (2) ins t rumented  alumhum dowels were provided i n  two of  t he  

elements .  Each b lock  s t o o d  approximately 31.2 i n .  h igh ,  weighed 275 l b ,  

and measured 14.2 i n .  ac ross  t h e  f l a t s .  The dowel des ign  i s  shown i n  Fig. 

5-2. These were s t r a i n  gaged and epoxyed i n t o  t h e  f u e l  e lements  i n  loca- 

t i o n s  180" t o  the o r i g i n a l  g r a p h i t e  dowels, which were removed. Each dowel 

w a s  designed t o  a s t i f f n e s s  of  95,000 l b / i n .  +25%. 

values are d i scussed  i n  Sec t ion  5.1.4. 

(1 )  

The a c t u a l  s t i f f n e s s  

The b locks  used i n  t h e  t e s t  are des igna ted  A ,  B, and C ,  having t h e  

in s t rumen ta t ion  c o n f i g u r a t i o n s  desc r ibed  i n  Sec t ion  5.2.2.  Drawings 

showing d e t a i l s  of t h e  test r i g  and f u e l  e lement  des igns  are l i s t e d  i n  

Table  5-1. 
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Fig. 5-1, Full-scale rocking test assembly 
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TABLE 5-1 
DRAWINGS FOR l/l-SCALE ROCKING TEST FIXTURE AND ELEMENTS 

D e s c r i p t i o n  D r a w i n g  N u m b e r  

1/l Fuel Element Rocking 

Standard Fuel Element 

Test Fixture 5430-5845-1-1 

Plugged Hole Locations 5430-5845-1 

Standard Fuel Element 
Instrumentation details 5430-5845-1-3 (Sheets 1-3) 
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P 
/ G A G E  

DIMENSIONS IN INCHES 

Fig. 5-2. Full-scale dowel dimensions for rocking test 
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5.1.3. Rocking Axes 

The rocking axes corresponded t o  those  i n  t h e  1 /5-sca le  tests and are 

given i n - F i g .  5-3. 

5.1.4. Dowel S t i f f n e s s  Measurements 

A summary of t h e  dowel s t i f f n e s s  va lues  obta ined  from t h e  tests i s  

p resen ted  i n  Table 5-2 f o r  each dowel on two d i f f e r e n t  blocks.  

g ives  a r e s u l t i n g  dowel bending s t i f f n e s s  ob ta ined  by d iv id ing  the  f o r c e  by 

t h e  d e f l e c t i o n  and averagipg  t h e  r e s u l t s  over  t h r e e  s e p a r a t e  measurements. 

F igure  5-3 i l l u s t r a t e s  t h e  dowel p i n  n o t a t i o n  used i n  Table 5-2. 

The t a b l e  

5.2. INSTRUMENTATION 

5.2.1. General 

A d e t a i l e d  d e s c r i p t i o n  of t h e  in s t rumen ta t ion  used i n  t h e  l / l - s c a l e  

test, i n c l u d i n g  ins t rument  type ,  manufacturer ,  model and se r ia l  numbers, 

c a l i b r a t i o n  pe r iod ,  range,  and accuracy ,  i s  given i n  Table 4-2. The d a t a  

a c q u i s i t i o n  systems and d a t a  r educ t ion  methods were t h e  same as f o r  t h e  

1/5-scale  tests and are desc r ibed  i n  Sec t ion  4 and t h e  appendix. 

5.2.2. Fuel  Element Ins t rumen ta t ion  

A summary of the  fuel element  t r ansduce r s  used fo l lows:  

1 . Linear  v a r i a b l e  d i f f e r e n t i a l  t r ans fo rmers  (LVDT) measured t h e  

ver t ical  s e p a r a t i o n  between b locks .  One LVDT w a s  l o c a t e d  between 

each p a i r  of  b locks  used i n  a given test. 

2. Load c e l l s  measured v e r t i c a l  impact between b locks .  S i x  load 

c e l l s  w e r e  l oca t ed ,one  i n  each hexagonal co rne r .  
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TABLE 5-2 
FULL-SCALE DOWEL THICIClJESS VALUES 

Axis Pin A Pin B Pin C 

Y'+ 

Y'- 

X I +  

X I -  

Average 

83,026 ? 4,900 

82 ,374 t 3,830 

80 ,433 f 2,900 

81 ,712 ? 7,550 

81 ,886  t 1 , 4 5 0  

Y'+ 

Y'- 

XI+ 
X I -  

82,150 t 2,360 

79 ,274 2 2,740 

85 ,463 f 3 ,800  

81 ,833 t 1 , 5 0 0  

82 ,180 ? 3,280 

79 ,346 ? 3,990 

83,333 f 0 

80,975 ? 2,030 

82 ,878 * 910 

84,645 ? 3,120 

81 ,172  t 3,570 

81 ,378  ? 730 

82 ,495 t 5 ,960  

86 ,396 f 1 , 8 4 0  

87 ,233 ? 2,050 

81 ,909 f 3,780 

8 4 , 2 9 1  t 1 ,920  

82 ,512  t 2,130 

81 ,871  f 2,920 

8 4 , 2 9 1  ? 1 , 9 2 0  

83 ,333  ? 0 

79,767 f 9,520 

Average 1 81,633 ? 2,290 I 84,957 t 3,050 I 82,315 ? 2 ,550  
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Z-AXIS 
\ 
\ 

Y I-  STRAIN I\\ 

o\ 

# 
# 

# 

Y-AXIS 
# 

F i g .  5-3. Full-scale dowel pin notation 
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3. S t r a i n  gages measured shea r  loading  ac ross  t h e  base  

p ins .  

of t h e  rocking ,  t he  o t h e r  normal t o  t h i s  d i r e c t i o n .  

Two gages were a t t ached  t o  each p i n ,  one i n  tl 

The blocks  were ins t rumented  as fo l lows:  

Block A: Top - Six  load c e l l s ,  one i n  each hexagonal co rne r ;  

s t r a i n  gages on a l l  t h r e e  dowels, both p a r a l l e l  

and normal t o  the  rocking d i r e c t i o n .  

Bottom - One LVDT 

Block B: Bottom - One LVDT 

Block C: Bottom - One LVDT 

Block 1): Bottom - One LVDT 

The l o c a t i o n s  of t hese  t r ansduce r s  i n  each element are shown i i  

through 5-8. The d a t a  a c q u i s i t i o n  c i r c u i t s  f o r  each t ransduce  

same as f o r  t h e  1/5-scale  in s t rumen t s ;  they are shown i n  Figs.  

4-13. All c a l i b r a t i o n  procedures  were t h e  same as f o r  t he  1/5.  

Table 5-3 con ta ins  a l l  ins t rument  c a l i b r a t i o n  f a c t o r s .  

5.3. TEST SCOPE 

As f o r  t h e  1/5-scale  test ,  t h e  tests were aimed a t  obta in .  

s h e a r  l oads ,  rock-down impact f o r c e s ,  and rocking  angle  decay 

t o r i e s .  Table 5-4 gives  a summary of t h e  test procedures  and 

anomalies o r  apparent  problems a s s o c i a t e d  wi th  a p a r t i c u l a r  tei 

5.4. TEST RESULTS 
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LOAD CELL NO. 1 - CH NO. 15 LOAD CELL NO. 6 - CH NO. 20 

LOAD CELL NO. 5 - CH NO. 19 

y ' -AXIS - CHANNEL NO. 1 
X'-AXIS - CHANNEL NO. 2 

ALUM DOWEL 
WlSTRAIN GAGES 

LOAD CELL NO. 2 - CH NO. 16 

ALUM. DOWEL 
WlSTRAIN GAGES 
Y'-AXIS - CHANNEL NO. 3 
X'-AXIS - CHANNEL NO. 4 

LOAD CELL NO. 3 - CH NO. 17 

X'.AXIS - CHANNEL NO. 6 

LOAD CELL NO. 4 - CH NO. 18 

STRENGTH EN ED 
SOCKET 
(3 PLACES) 

LVDT NO. 1 - CH NO. 21 
LVDT NO. 2 - CH NO. 22 
(AS APPLICABLE) 

(AS APPLICABLE) 
A 

Fig. 5-4. Ful l - sca le  element A 
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LVDT NO. 1 - C 

ALUM DOWI  
(3 PLACES) 

F i g .  5 - 5 .  Ful l - sca l e  element B 
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;OCKET 

CABLE) 

I NO. 22 
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GRAPHITE DOWEL 
(NOT SCALED) 
(3 PLACES) 

ST R EN GTH EN ED SOCKET 
(3 PLACES)- 

LVDT 
(AS APPLl CAB LE) 

LVDT NO. 2 - CH NO. 22 
(AS APPLl CAB LE) 

LVDT NO. 1 - CH NO. 21 
(AS APPLICABLE) 

I 

F i g ,  5-6. F u l l - s c a l e  e lement  C 
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Fig. 5-7. Full-scale element D 
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TYPICAL LOAD CELL (61, 

TYPICAL STRAIN 
GAGED DOWEL (3) 

I 

DIMENSIONS IN INCHES 

Fig. 5-8. Location of l/l-scale fuel element instrumentation 
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TABLE 5-3 
CALIBRATION FACTORS FOR 1/1- SCALE ELEMENT TRANSDUCERS 

l i b r a t i o n  
c t o r s  (a )  Transducer 

Load c e l l  

Load c e l l  

Load c e l l  

Load c e l l  

Load c e l l  

Load c e l l  

LVDT 

LVDT 

S t r a i n  gage 

S t r a i n  gage 

S t r a i n  gage 

Strain gage 

Stra in  gage 

S t r a i n  gage 

0.24450 

0 .24450 

0.24390 

0 .24390 

0 .24450 

0 .24450 

0.00244 

0.00244 

3.9806 

2.0802 

1.5615 

1 .3320  

1.9892 

2 .3791  

. 

r ransducer  
Number 

1 

2 

3 

4 

5 

6 

1 3  

1 4  

1 8  

1 9  

L 22 

23 

25 

26 

Associated 
Block 

A 

A 

A 

A 

A 

A 
-- 
-- 
A 

A 

A 

A 

A 

A 

S e n s i t i v e  
Axis 

(a )Uni t s  are v o l t s / d i g i t a l  count .  
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Mul t ip lexer  
Channel 
Numbers 

1, 4 1  

2 ,  42  

3 ,  43 

4 ,  44 

5 ,  45 

6 ,  46  

1 3 ,  53  

1 4 ,  54 

1 8 ,  58  

1 9 ,  59 

2 2 ,  62  

23 ,  63  

2 5 ,  65 

2 6 ,  66  



TABLE 5-4 
F'ULL-SCALE TEST P W I  

Test 

1 R  

2R 

3 

4R 

5 

6 

7 

8 

9 

10 

11 

1 2 R  

13  

14  

1 5  

1 6  

1 7  

18 

1 9  

20 

21 

22 

Descr ip t ion  
~~ 

Conf igura t ion  Angle 
r C  

5" 

15" 

5" 

10" 

15" 

5O 

15  O 

1 S o / O 0  

o o / l o o  

15O/Oo 

o o / l o o  
10"/6" 

10"/6" 

loo/oo 

-- 

6"/10° 

17-1/2°/10" 

0"/1O0 

17-1/2"/10° 

o o / l o o  

6-1/2O/1O0 

6-1 /2"/10" 

to cking 
Axis 

X 
X 
Y 

Y 
Z 

X 
X 
X 

X 

X 

X 

X 

X 

X 

-- 

X 

X 

X 

X 
Y 
Y 

Y 

Remarks 

Load c e l l  2 may have s a t u r a t e d  a t  
one p o i n t  (B-05-5) (a) ; maximum 
load  = 1000 l b .  

These tests were instrumented 
w i t h  LVDTs o n l y .  t 

Some dc b i a s  on l o a d  ce l l s  2 
through 5 (B-08-6 through 

Load c e l l  1 s a t u r a t e d  a t  one 
p o i n t  (B-09-5) ; maximum load  = 
1000 l b .  DC b i a s  on l o a d  c e l l  2 

B-08-9). 

(B-09-6). 

DC b i a s  on load  c e l l s  2 ,  3 ,  and 
5 (B-10-6, B-10-7, and B-10-9). 

DC b i a s ,  l o a d  ce l l  2 (B-11-6). 

DC b i a s ,  load  c e l l  2 (B-12-6). 

Repeat of  test 1 2 ;  dc b i a s ,  load  
c e l l  2 (B-13-6). 

DC b i a s  on a l l  load  ce l l s  (B-14-5 
through B-14-10). 

Data from t h i s  tes t  were n o t  
recoverable .  

Load ce l l s  1, 2,  and 6 have dc 
b i a s  (B-14-5, B-14-6, and 
B-14-10). 

(a)Refers  t o  a f i g u r e  i n  
Ref. 2 ,  i . e . ,  B-05-5 means 
t es t  05, F ig .  5. 
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5.4.1. General  

Some p r e l i m i n a r y  test r e s u l t s  are r e p o r t e d  i n  Ref. 8. Th 

r e s u l t s  and p l o t t e d  d a t a  are contained i n  Ref. 2. 

The t o t a l  rock-down load on a given block was obta ined  by 

ins tan taneous  i n d i v i d u a l  l o a d s  from each of t h e  s i x  load ce l l s  

dowel p in  s h e a r  load w a s  ob ta ined  from t h e  ins tan taneous  v e c t o  

t h r e e  i n - l i n e  s t r a i n  gages and t h e  t h r e e  nominal s t r a i n  gages 

Sec t ion  4 . 4 . 1  f o r  t h e  115-scale tests. 

5.4.2. Two-Block Configurat ion 

F igures  5-9 through 5-11 show t h e  r e s u l t s  from one f u e l  e 

The r on another  element wi th  an i n i t i a l  release a n g l e  of 5" .  

decay t i m e  h i s t o r y  (Fig.  5-9) shows a rocking behavior  almost 

t h a t  observed f o r  t h e  115-scale b locks .  (The s p i k e s  i n  t h e s e  

caused by n o i s e  i n  t h e  d a t a  a c q u i s i t i o n  system.) However, l o g  

t h e  I l l - s c a l e  system i s  lower,  corresponding t o  an average dam 

about  6% of c r i t i c a l .  A s  i n  ear l ie r  o b s e r v a t i o n s ,  t h e  peak r o  

(Fig.  5-10) and dowel f o r c e s  (Fig.  5-11) occur  a t  zero rocking 

c o n t r a s t  t o  t h e  1/5-scale  r e s u l t s  t h e  111-scale d a t a  show t h a t  

l o a d s  c o n s i s t e n t l y  occur a t  t h e  t i m e  of  t h e  f i r s t  rock-down. 

Comparing t h e  rocking  behavior  about  t h e  X, Y ,  and Z axes 
observa t ions  were made from t h e  l/l-scale d a t a  as f o r  1/5-scal 

showed s l i g h t l y  l a r g e r  rocking a n g l e  ampli tudes about t h e  X-ax 

down l o a d s  and dowel p i n  shear l o a d s  w e r e  a l s o  compared f o r  t h  

axes; t h e y  are shown i n  F i g s ,  5-12, 5-13, and 5-14. It is see 

maximum l o a d s  are approximately of the same magnitude; o n l y  th 

t i o n  of  t h e  l o a d s  i s  d i f f e r e n t .  A maximum dowel shear l o a d  of  

recorded f o r  rocking  about the Z - a x i s .  This i n d i c a t e s  that a 
centage  of t h e  t o t a l  dowel l o a d  from s e i s m i c a l l y  induced f o r c e  

t o  e lement  rocking a c t i o n  alone. 
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.. 

6.4 

5.6 

4.8 

4.0 

3.2 

- y 2.4 
LLI 

cl 
a 

1 1.6 

2 0.8 

w 
-I 
a 

0 

-0.8 

-1.6 

-2.4 

-3.2 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 

TIME (SECONDS) 

Fig. 5-9. Rocking motion - l/l-scale, two-block configuration, 5" initial 
angle, X-axis 
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2800 I I I I I I I I I 1 I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.1 

TIME ( S E C O N D S )  

Fig .  5-10. Rock-down f o r c e  - l / l - s c a l e ,  two-block conf igu ra t ion  
i n i t i a l  ang le ,  X-axis 
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1.5 1.6 

5" 



TIME (SECONDS) 

Fig. 5-11. Dowel force - l/l-scale, two-block configuration, 5" initial 
angle, X-axis 
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TEST NUMBER: 1 R  
ELEMENT CONFIGURATION: B/A 
INITIAL ROCKING ANGLE: 5" 
ROCKING AXIS: X 

2 

\ 

Fig. 5-12. Distribution of maximum rock-down load and dowel forc 
scale, two-block configuration, 5" initial angle, X-a 
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TEST NUMBER: 2 R  
ELEMENT CON F l  GU RAT1 ON: B/A 
INITIAL ROCKING ANGLE: 15" 
ROCKING AXIS: X 

\ 
\ X 

X 

LOAD CELL 370 Ib 

b &/,y \ DOWELPIN 

1 
550 Ib 

750 Ib @/\ z 

\ X 

TOTAL ROCK-DOWN FORCE = 2200 Ib 
TOTAL DOWEL SHEAR FORCE = 1500 Ib 

Y / 
Fig. 5-13. Distribution of maximum rock-down load and dowel forces - 1/1- 

scale, two-block configuration, 15' initial angle, X-axis 
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TEST NUMBER: 5 
ELEMENT CONFIGURATION: B/A 
INITIAL ROCKING ANGLE: 15" 
ROCKING AXIS: 

Z 

\ / 900 Ib 

\ 

\ 240Ib rn 
V \ 

\ 
A- 

\ 
z 

TOTAL ROCK-DOWN FORCE = 2500 Ib 
TOTAL DOWEL SHEAR FORCE = 1790 Ib 

/ 
Y '  

Fig. 5-14. Distribution of maximum rock-down load and dowel f o r  
scale, two-block configuration, 15" initial angle, Z 
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In  o r d e r  t o  check the i n f l u e n c e  of  t h e  load  ce l l  i n s t r u m e n t a t i o n  on 

element  rocking behavior  and hence t h e  v a l i d i t y  of t h e  measured rock-down 

l o a d s ,  i d e n t i c a l  tests (tests 1R and 6 )  were performed wi th  and w i t h o u t  

l o a d  cells. Figures  5-9 and 5-15 show t h e  rocking behavior  dur ing  two 

tests f o r  a 5' release angle ;  t h e r e  i s  p r a c t i c a l l y  no d i f f e r e n c e  i n  t h e  

rocking amplitude and frequency c h a r a c t e r i s t i c s .  

confirmed f o r  a 15" release angle  (tests 2R and 7) .  

This behavior  was 

5.4.3. Mult iblock Conf igura t ions  

Several mul t ib lock  c o n f i g u r a t i o n s  were t e s t e d  c o n s i s t i n g  of two blocks 

s tacked  on top of one clamped block.  When t h e  top block w a s  i n i t i a l l y  

t i l t e d  ( tes t  l o ) ,  t h e  rocking  phenomenon w a s  a s  shown i n  F igs .  5-16 and 

5-17. A f t e r  release,  t h e  t o p  b lock  rocks  down and p r a c t i c a l l y  t r a n s f e r s  

a l l  i t s  angular  momentum t o  the  m i d d l e  block on i n i t i a l  i m p a c t .  T h e  t w o  

b locks  then rock t o g e t h e r  on t h e  b a s e  b lock  i n  t h e  same manner as d e s c r i b e d  

f o r  two-block rocking.  I d e n t i c a l  behavior  was e x h i b i t e d  when both  t h e  two 

( t op  b locks  were i n i t i a l l y  d i s p l a c e d  ( t e s t  12R) as shown i n  F igs .  5-18 and 

5-19. The maximum rock-down l o a d s  and dowel s h e a r  f o r c e s  are  shown i n  

Fig.  5-20; they r e p r e s e n t  t h e  i n t e r f a c e  between t h e  b a s e  b lock  and t h e  

mid d l e  block . 

A summary of t o t a l  rocking  l o a d s  and dowel s h e a r  f o r c e s  f o r  a l l  

rocking  c o n f i g u r a t i o n s  is given i n  Table  5-5. 
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7.2 

6.4 

5.6 

4.8 

4.0 

5 3.2 
a 

- % 2.4 

w 

U 

W 
-1 
U 

2 1.6 

0.8 

0 

-0.8 

-1.6 

-2.4 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

TIME (SECONDS) 

Fig. 5-15. Rocking motion (no-load cell instrumentation) - l/l-s 
two-block configuration, 5" initial angle, X-axis 
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Fig. 5-16. Rocking motion (Block C) - l/l-scale, three-block configuration, 
150/0° initial angle, X-axis 
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* . O F F  7.0 

6.0 

5.0 

4.0 
I 

v) 
w 
w 

U 
w 
0 

a 3.0 

- 
w 
$ 2.0 
z a 

1 .o 

0 

-2.0 

-3.0 
I I I 

- 
LVDT 

I /  I 
4-FULL SCALE BRT TEST 10 

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4 
TIME (SECONDS) 

Fig. 5-17. Rocking motipn (Block B) - l / l - s c a l e ,  three-block COI  

15"/0" i n i t i a l  ang le ,  X-axis 
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0 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
TIME (SECONDS) 

Fig .  5-18. Rocking motion (Block C )  - l / l - s c a l e ,  three-block c o n f i g u r a t i o n ,  
10"/6" i n i t i a l  ang le ,  X-axis 
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Fig. 5-39. Rocking motion (Block B) - l/l-scale, three-block co 
1Oo/6O initial angle, X-axis 
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TEST NUMBER: 12R z 
ELEMENT CONFIGURATION: C/B/A 
INIT IAL ROCKING ANGLE: 10°/6" 
ROCKING AXIS: X 

X 
. - . -  _ _  

\ x 
A h  (400) (360) 

/ 410 Ib LOAD CELL 

3801b ,DOWEL PIN 

(55) / 55 Ib 20 Ib 7 

(320) 
340 Ib 

t 
(490) (160) (290) 
dF;n Ih 150 Ib 290 Ib 

( 1  740) 
TOTAL ROCK-DOWN FORCE = 1900 Ib / 

/ (680) 
TOTAL DOWEL SHEAR FORCE = 680 Ib 
( ) = RESULTS FROM REPEATED TEST. v 

70 

1 

(250) 
240 Ib 

@ 5701b/ 

Fig.  5-20. D i s t r i b u t i o n  of maximum rock-down l o a d  and dowel f o r c e s  
(Block A)  - l / l - s c a l e ,  three-block c o n f i g u r a t i o n ,  10°/6" 
i n i t i a l  a n g l e ,  X-axis 



T e s t  

1 R  

2R 

3 

4 R  

5 
8 
9 
10 
11 

1 2 R  

13 
14 

16 
17 
18 
19 

20 
21 
22 

TABLE 5-5 
FULL-SCALE MAXIMUM ROCK-DOWN AND DOWEL LOADS 

I n i t i a l  Condi t ions 

Conf igura t ion  Angle 
Rocking 
Axis 

5" 
15" 
5" 

15" 
15" 
15O/Oo 
o o / l o o  

0"/1O0 

15"/0° 

10°/6" 
10°/6" 
l o o / o o  
6"/10° 

17-1/2O/Oo 
oo/loo 

6-1/2"/10° 
17-1/2°/00 
o o / l o o  
5"/10° 

7 1  

X 

X 
Y 
Y 
Z 

X 

X 

X 

X 

X 

X 

Y 
Y 

X 
X 

X 
Y 

Y 
Y 

Peak Rocking 
Load Sum 

( Ib)  

2600 
2200 
1600 

1980 
2500 
3450 
2420 

3700 
1930 

1900 
1740 
2900 
2170 
3050 
1530 
1800 
2680 
1600 
1880 

k Dowel 
ar Force 
t o r  Sum 
( I b  1 

1200 
1500 
1240 
510 
1790 
660 
640 
1120 

1930 

680 
680 
660 
600 

9 20 
930 
980 
990 
710 
54 0 



6 .  COMPARISON BETWEEN 1/5-SCALE AND I/I-SCALE TESTS 

An e f f o r t  was nade t o  compare 1/5-scale  and l / l - s c a l e  tes t  r e s u l t s  i n  

o r d e r  t o  e s t a b l i s h  t h e  s c a l i n g  r e l a t i o n s h i p s  f o r  angular  displacement and 

fo rces .  The model s c a l i n g  l a w s  were p r e v i o u s l y  d iscussed  i n  Sec t ion  4.1, 

where it. w a s  e s t a b l i s h e d  that  s i m i l i t u d e  w a s  n o t  ob ta ined  i n  t h e  modeling 

of the 1/5-scale bloclcs and t h e r e f o r e  t h e  r e l a t i o n s h i p  between t h e  1/5- and 

l / l - s c a l e  responses  might b e  d i s t o r t e d .  

It  w a s  d i f f i c u l t  t o  compare test  r e s u l t s  d i r e c t l y  s i n c e  t h e  i n i t i a l  

c o n d i t i o n s  (release ang le )  d i d  n o t  always correspond (1/1 scale re1eas.e 
a n g l e s  were reduced when i t  w a s  found t h a t  the  b locks  would rock over  t oo  

f a r  and over turn) .  However, by p l o t t i n g  angular  displacement  as a f u n c t i o n  

of rocking  frequency,  a comparison independent  of  i n i t i a l  c o n d i t i o n s  and 

t i m e  was achieved. Such a p l o t  r e p r e s e n t i n g  two-block rocking  is  shown i n  

Fig. 6-1. 

r a t i o s  e s t a b l i s h e d  i n  Table 4-1, t h e  1/5- and l / l - s c a l e  d a t a  can b e  com- 

pared  d i r e c t l y .  

rocking motion w i t h i n  25% i n  t h e  range t e s t e d .  This  means t h a t  t h e  d i s t o r -  

t i o n s  i n  t h e  1/5-scale  b lock  modeling, such as t h a t  caused by t h e  i n c o r r e c t  

p /E  r a t i o  may have some e f f e c t  on t h e  b lock  rocking  motion. 

t h e  r e l a t i v e l y  s t i f f e r  1 /5-sca le  b lock  tends  t o  produce a h i g h e r  rocking 

frequency,  as would be  expected.  

By normal iz ing  t h e  l / l - s c a l e  d a t a  t o  1 /5  scale u s i n g  t h e  s c a l i n g  

The f i g u r e  shows an agreement between 1/5- and l / l - s c a l e  

It i s  seen  t h a t  

The e f f e c t  on rock-down l o a d s  and dowel shear f o r c e s  w a s  cons iderably  

more pronounced. 

c o n d i t i o n s  were n o t  compared. The t a b l e  shows t h a t  the 1/5-scale  rock-down 

l o a d s  were l a r g e l y  overes t imated ,  which was expected s i n c e  t h e  1/5-scale  

b lock  is  too  s t i f f .  The dowel s h e a r  f o r c e s  were much c l o s e r  s i n c e  care 

w a s  t aken  t o  model t h e  dowel p i n  s t i f f n e s s e s  more a c c u r a t e l y .  S ince  t h e  

1/5-scale  dowel f o r c e s  were underest imated,  it i s  suggested that t h e  1/5- 

s c a l e  dowel w a s  no t  s t i f f  enough o r  that a l a r g e r  p o r t i o n  of t h e  1 /5-sca le  

This i s  shown i n  Table 6-1 even though e x a c t  i n i t i a l  

7 2  



E
L 

R
O

C
K

IN
G

 A
N

G
LE

 ("1
 

A
 

E 
2 

z 
z 

I 
I 

I 
I 

I 

0
0

 
D
D
 

rn
 

m
 

-I
 

m
 

Iy
" 

r
r
 

u
l 

rn
rn

 
0
0
 

D
 

3
%

 
D
D
 

z
 
0
 

z
 
0
 

N
 

0
, 

35
 

r
 

rn
 

rn
 

If
 

D
 

I 

-
 

N
 

rn
 
0
 

-4
 
0
 

L
n
 

A
 
\
 

m
 

c
)
 

in
 

rn
 

?
 

L
 

G
)
 

r
 

rn
 

v,
 

.
.
 

D
 

rn
 

I- 



TABLE 6-1 
COMPARISON BETWEEN 1 /5 -  AND l / l -SCALE MAXIMUM ROCK-DOWN LOADS 

AND DOWEL SHEAR FORCES 

Block 
Configurat ion 

Two-block, 5" 

Two-block, 15"  t o  20" 

Three-block, 15"  t o  20' 

N e t  Rock- 
Down Load 

(Ib) 

1/5(a)  l/l(b) 1/ 5 1/1 (b) 

+ 9 . 4  
5*1  - 0.6 90 k 0.5 20 

116 17.6 6.5 k 0.3 11 .7  

+ 2.2 4 0  25 t 0.8 4.5 - 1.5 6.8 k 1.8 

N e t  Dowel 
Shear Force 

(Ib 1 

(a)On t h e  l o w  s i d e  s i n c e  one load c e l l  d id  no t  func t ion .  

(b)Normalized t o  1 / 5  scale. 

7 4  



s h e a r  fo rce  w a s  taken up by block-to-block f r i c t i o n .  The l a t t  

p o s s i b i l i t y  s i n c e  i t  w a s  e s t a b l i s h e d  from the  r e s u l t s  t h a t  the 

rocking motion showed much l a r g e r  logar i thmic  decay. 

0 
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In genera l ,  the  test d a t a  con ta in  bo th  random and sys t ema t i c  e r r o r s .  

I f  d a t a  from repea ted  tests are a v a i l a b l e  i n  a sample of reasonable  s i z e ,  

s t a t i s t i c a l  a n a l y s i s  of t h e  measurements can be employed t o  estimate t h e  

t o t a l  random e r r o r  involved. 

dom e r r o r s  i n  the test system components must be obta ined  s e p a r a t e l y  and 

compounded t o  o b t a i n  t h e  t o t a l  (random) e r r o r  i n  the  da ta .  

I f  r epea ted  tests are n o t  a v a i l a b l e ,  t h e  ran- 

7. TEST DATA ERROR ANALYSIS 

An estimate of e r r o r s  i n  t h e  1/5- and l / l - s c a l e  tests w a s  made i n  

o rde r  t o  ob ta in  the  expected accuracy of  t h e  p re sen ted  da ta .  This  is  p a r -  

t i c u l a r l y  important  where the  d a t a  are used for  c o r r e l a t i o n  wi th  r e s u l t s  

from a n a l y s i s .  

On the  o t h e r  hand, sys t ema t i c  e r r o r s  t h a t  t end  t o  have t h e  same alge-  

b r a i c  s i g n  o r e  n o t  amenable t o  s t a t i s t i ca l  t reatment .  In most i n s t a n c e s ,  

however, they are e a s i l y  ob ta ined  from the  r a w  d a t a  p l o t s .  

r educ t ion  codes can assess t h i s  e r r o r  and au tomat i ca l ly  a d j u s t  t h e  d a t a  

po in t .  

e r r o r  t o  o b t a i n  the  o v e r a l l  t o t a l  e r r o r .  

The d a t a  

I f  n o t ,  t h e  sys t ema t i c  e r r o r  i s  added a l g e b r a i c a l l y  t o  t h e  random 

7.1. ERROR SOURCES 

The commonly known sources  of e r r o r  i n  t h e s e  tests are as fo l lows:  

1. Element conf igu ra t ion  and i n i t i a l  cond i t ions  

2. Core element  p r o p e r t i e s  

3. Data a c q u i s i t i o n  system 



4 .  Instrument  c a l i b r a t i o n  o r  v e r i f i c a t i o n  

5. Extraneous e r r o r s  

7.1.1. Element Configurat ion and I n i t i a l  Condi t ions 

Element conf igu ra t ion  e r r o r s  ar ise  from core element dime1 

t o l e r a n c e s ,  dowel p i n  and socket  l o c a t i o n ,  and dimensional  t o l t  

rock-down loads  and dowel f o r c e s  are extremely s e n s i t i v e  t o  va: 

t h e s e  parameters. Angular v e l o c i t i e s  and displacements  are prt 

s e n s i t i v e .  

The random conf igu ra t ion  e r r o r s  can only  be e s t ima ted  fro1 

c o n t r o l l e d  parameter  tests o r  from repea ted  tests wi th  d i f f e r e r  

Although repea ted  tests wi th  d i f f e r e n t  e lements  w e r e  performed 

e x t e n t ,  t h e  conf igu ra t ion  e r r o r  could no t  be s i n g l e d  out  becaus 

conta ined  components from a l l  t he  o t h e r  sources  as w e l l .  

The e r r o r  due t o  i n i t i a l  cond i t ions ,  such as t h e  i n i t i a l  1 

angle ,  could no t  be e s t ima ted  e i t h e r  f o r  t h e  same reasons giver 

I n d i c a t i o n s  are,  however, t h a t  t h e  rocking response w a s  n o t  s e r  

s m a l l  dev ia t ions  i n  t h i s  parameter  s i n c e  only moderate changes 

(about  30% increase i n  rock-down load  and dowel fo rce )  occurrec 

release angle was changed from 5 to 20° .  In any case, the re3 

can be  set q u i t e  a c c u r a t e l y  wi th  t h e  vernier angle  gage to  wit1 

7.1.2. Element P r o p e r t i e s  

Changes i n  element p r o p e r t i e s  that can a f f e c t  the core  res 

d e v i a t i o n s  i n  g r a p h i t e  d e n s i t y  (b lock  weight)  , Young's modulus 

s t i f f n e s s ) ,  and c o e f f i c i e n t  of f r i c t i o n .  The random e r r o r  i n  t 

as a r e s u l t  of  expected d e v i a t i o n s  i n  t h e s e  q u a n t i t i e s  has  n o t  

exper imenta l ly .  The e r r o r  assessment  has  t h e r e f o r e  been made c 

r e t i ca l  b a s i s .  From code s e n s i t i v i t y  s t u d i e s  (Ref. 9)  t he  e f f e  
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element dens i ty  and f r i c t i o n  changes are small i n  comparison wi th  a change 

i n  Young's modulus. The mean element  modulus f o r  H451 g r a p h i t e  i n  t h e  

r a d i a l  d i r e c t i o n  has  been exper imenta l ly  determined as E = 1.07 x 10 

l b / i n .  wi th  a s t anda rd  d e v i a t i o n  (210) of 0.06 x 10 l b / i n .  . The modulus 

only a f f e c t s  t he  rock-down loads  s i n c e  displacement  and v e l o c i t y  are vir- 

t u a l l y  independent of s t i f f n e s s .  Thus, assuming F c1 

response becomes 2.8%. 

6 

2 6 2 

&, t he  e r r o r  i n  t h e  

7.1.3. Data Acqu i s i t i on  System 

The d a t a  a c q u i s i t i o n  system e r r o r s  i nc lude  t r ansduce r  s e n s i t i v i t y  

e r r o r s  and e r r o r s  i n  t h e  s i g n a l  cond i t ion ing ,  f i l t e r i n g ,  a m p l i f i c a t i o n ,  and 

record ing  s t a g e s  of  t h e  system. These component e r r o r s ,  s p e c i f i e d  by the  

manufac turers ,  are given i n  Table 7-1. They are t30 va lues .  The estima- 

t ion  of t h e  t o t a l  s y s t e m  error  f o r  each ins t rumen t  i s  t h e r e f o r e  obta ined  

from schematic  diagrams such  as t h a t  f o r  t h e  eddy c u r r e n t  probe, shown i n  

Fig. 7-1. The t o t a l  e r r o r  i n  each t r ansduce r  c i r c u i t  i s  given i n  Table  7-1 
f o r  bo th  1/5-scale  and l / l - s c a l e  test t r ansduce r s .  

7.1.4. Transducer C a l i b r a t i o n  o r  V e r i f i c a t i o n  

Transducer a p p l i c a t i o n  e r r o r s  are u s u a l l y  l a r g e  as determined from 

c a l i b r a t i o n  curves  o r  v e r i f i c a t i o n  da ta .  In t h e  rocking  t e s t ,  a p p l i c a t i o n  

e r r o r s  occur  i n  the  fo l lowing  t r ansduce r s :  ( 1 )  LVDTs and eddy c u r r e n t  

probes measuring d e f l e c t i o n ,  (2) s t r a i n  gages measuring dowel f o r c e s ,  and 

(3 )  l o a d  washers measuring rock-down loads .  

Although e x t e n s i v e  c a l i b r a t i o n s  and random e r r o r  s t u d i e s  w e r e  n o t  per-  

formed f o r  t h e s e  tests, except  as desc r ibed  i n  Ref. 3 ,  e r r o r  assessments  

can be  made based on t h e  r e s u l t s  ob ta ined  from o t h e r  tests u t i l i z i n g  the  

same ins t rumen ta t ion  and where such  s t u d i e s  were conducted. Typica l  t rans-  

ducer  a p p l i c a t i o n  e r r o r s  are given i n  Table 7-1. 
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Instrument  

TABLE 7-1 
DATA ACQUISITION SYSTEM ERRORS AND 

INSTRUMENT APPLICATION ERRORS 

(XI (23 
115 Scale 111 Scale 115 Scale 1 

I I 

S t r a i n  gage 

Eddy c u r r e n t  probe 

LVDT 

Load c e l l  

T o t a l  
C i r c u i t  E r r o r  (a) 

5.1 5.1 26.0 

5 .O 1.3 
-- 0.6 -- 
5.0 5.0 2.0 

-- 

C a l i b r a t i o n  
V e r i f i c a t i o n  E 

( a ) ~ ~ ~  e r , r o r s  r e p r e s e n t  +3a v a l u e s .  
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Scale 

5 .O 

1 
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r i 

EDDY CURRENT EDDY CURRENT DC POWER 
PROBE PROXIMETER 

It 0.5% It 0.5% 

4- SUPPLY 
It 1.0% (DC-50 kHz) - (DC-50 kHz) 

Fig. 7-1. E r r o r s  in element d isp lacement  measuring system 

L 

- 
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The LVDT c a l i b r a t i o n  curves show no s ign i f icant  d a t a  p o i  

and t h e  random e r r o r ,  t h e r e f o r e ,  i s  p r a c t i c a l l y  zero.  The e d  

probe c a l i b r a t i o n  curves a l s o  show very  l i t t l e  scat ter ,  and a 

maximuin c a l i b r a t i o n  e r r o r  ( 2 3 0 )  i s  e s t i m a t e d  as 5.0% (Ref. 10 

Only s t a t i c  c a l i b r a t i o n  curves f o r  the s t r a i n  gages w e r e  

t h e s e  tests. Since  such c a l i b r a t i o n  tests are very  c o n t r o l l e  

c a n t  d a t a  sca t te r  results. However, dynamic c a l i b r a t i o n s  p e r  

o t h e r  tests (Ref. 11)  show c o n s i d e r a b l e  scat ter  e q u i v a l e n t  t o  

b a s i s .  

A l l  load  washer a p p l i c a t i o n s  produced a c c u r a t e  r e s u l t s .  

t r a n s d u c e r s  w e r e  a l r e a d y  p r e c a l i b r a t e d  by the manufacturer ,  a 

tes t  was only necessary  t o  measure the a p p l i c a t i o n  e r r o r .  Th 

descr ibed  i n  Ref. 3 ;  a maximum e r r o r  of  2.0% r e s u l t e d .  

7.1.5. Extraneous E r r o r s  

Extraneous e r r o r s  are somewhat ambiguous i n  na ture .  For 

s h i f t  ( d r i f t )  sometimes appears  on t h e  d a t a  p l o t s .  It could 1 

n a t e d  i n  t h e  b r i d g e  a m p l i f i e r  o r  i t  could have been caused by 

changes i n  o t h e r  components. I n  t h e  s t r a i n  gage d a t a ,  t h i s  i :  

occurrence,  and d r i f t s  from 20% t o  35% have been observed. SI 
e r r o r s  are genera l ly  compensated f o r  test by test. A p a r t  fro1 

i s  u s u a l l y  a random n o i s e  level a s s o c i a t e d  w i t h  t h e  output  si1 

e r r o r ,  however, is  o n l y  o f  t h e  o r d e r  of 1% t o  2 % .  

7.2. TOTAL ERRORS 

Since  a l l  t h e  e r r o r  components are n o t  known, t h e  t o t a l  I 

t h e  t es t  d a t a  cannot be  obta ined  by compounding e r r o r  componer 

tests were repea ted  and a measure of t h e  t o t a l  system e r r o r  CE 

S t a t i s t i c a l l y ,  based on N d a t a  p o i n t s ,  t h e  t o t a l  e r r o r  i n  t h e  
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i s  detennined by t h e  s t anda rd  d e v i a t i o n  wi th  r e s p e c t  t o  t h e  mean va lue  of 

t hese  d a t a  p o i n t s :  

where Xi = i t h  d a t a  p o i n t ,  

X = mean va lue  a t  t i m e  t ,  

X = o v e r a l l  mean f o r  d i s t r i b u t i o n  

m 

m 
- 

The tests t h a t  were r epea ted  are shown i n  Table 7-2. These r e p r e s e n t  

1/5- and l / l - s c a l e  two-block and three-block tests. As seen ,  some tests 

'were  repea ted  wi th  the  b locks  i n  t h e  s a m e  r e l a t i v e  p o s i t i o n  and wi th  t h e  

same i n i t i a l  release ang le ;  o t h e r s  had in te rchanged  block p o s i t i o n s  b u t  t h e  

same i n i t i a l  angle .  The l a t te r  tests t r u e l y  form the  b a s i s  f o r  e v a l u a t i n g  

t h e  t o t a l  e r r o r  s i n c e  v a r i a t i o n s  i n  e lement  p r o p e r t i e s  and geometry 

conf igu ra t ion  are accounted for .  However, on ly  a few tests w e r e  repea ted  

i n  t h i s  manner. 

E r r o r  c a l c u l a t i o n s  were u s u a l l y  based on comparisons o f  fou r  con- 

s e c u t i v e  peak va lues  o f  rocking  angle ,  rock-down load ,  and dowel s h e a r  

fo rce  from two o r  t h r e e  tests. The t o t a l  e r r o r s  i n  t h e s e  d a t a  expressed  t o  

one s t a n d a r d  d e v i a t i o n  are given i n  Table 7-3. It is  t h e r e f o r e  a proba- 

b i l i t y  t h a t  68.3% of t h e  response  d a t a  w i l l  con ta in  e r r o r s  w i t h i n  the 

t a b u l a t e d  e r r o r  bounds. 

The t a b l e  shows t h a t  t h e  e r r o r s  i n  t h e  rocking  angle  and frequency 

d a t a  are r e l a t i v e l y  s m a l l  f o r  two-block 1 /5 -sca le  and 1 /1-scale tests. 

Such d a t a  t h e r e f o r e  are u s e f u l  t o  c o r r e l a t e  a n a l y t i c a l  computer models 

with.  One except ion  i s  t h e  d a t a  from t h e  l / f i -scale  tests ob ta ined  f o r  

l a r g e  i n i t i a l  release ang les  ( Z O O ) ,  which w e r e  cons iderably  a f f e c t e d  by 
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TABLE 7-2 
REPEATED TESTS EMPLOYED IN THE ERROR EVALUATION 

Test 

1/5 scale 

1/1 scale 

Two -Blo c k 
(Test No. ) 

1, 3, 5, 7, 11 
2, 4 ,  6 

lR, 6 
2R, 7 

Initial 
Re1 eas e 
Angle 

5" 
20° 

5" 
15" 

Three-Block 
(Test No .) 

15, 16(") 
13, 17, 29 

12, 13(a) 
8, 10 
9, 11 

(a)Repeated test with the same blocks  in the same relative I 
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TABLE 7-3 
TOTAL ERRORS(~) IN THE 115- AND  SCALE TEST DATA 

Parameter 

Frequency 

Rocking angle 

Rock-down load 

Dowel shear force 

1 1 5  Scale 
(X 1 

Two -Blo c k 

0.5 

7.2 (37)") 

1 1 . 4  

15.3 

0.5 

3.3 

-- 

-- 

Three-Block 

15.3 (1.8)(b) 

26.0 (0.8) 

(b) 7.3 (1.9) 

(b 1 

(b I 25.0 (4.1) 

( 4 . 0 )  (b)  

-- 

( 6 . 4 )  (b) 

24 (8.3)(b) 

111 Scale 
(1) 

Two-Block I Three-Block 

(a)All errors are expressed as fla values. 

(b)Repeated test with the blocks in the same relative positions. 

("Large initial release angle (200).  
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wobbling motion. The t o t a l  e r r o r s  i n  the  rock-down loads  and 

f o r c e s  are somewhat h i g h e r  compared t o  t h e  e r r o r s  i n  the  d i s p l  

The two-block d a t a ,  however, are considered u s e f u l  data .  

A marked i n c r e a s e  i n  t h e  e r r o r  va lues ,  e v i d e n t  f o r  th ree-  

i s  probably due t o  the  f a c t  t h a t  t h e s e  tests w e r e  d i f f i c u l t  t a  

These d a t a ,  bo th  1/5 and 1/1 scale, are no t  recommended f o r  us 

cor  rela t ion .  

It i s  a l s o  seen from Table 7-3 t h a t  t o t a l  e r r o r  v a l u e s  ob 

r epea ted  tests wi thout  change i n  e lement  p o s i t i o n  are much low 

means t h a t  t he  e r r o r  components due t o  v a r i a t i o n s  i n  element g 

a r e  l a r g e  compared t o  e r r o r s  from o t h e r  sou rces .  
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UPEND= 

DATA ACQUISITION AND REDUCTION 

This  appendix o u t l i n e s  t h e  procedure used t o  o b t a i n  d a t a  output  from 

t h e  Basic Rocking Test .  

e f f o r t  are a l s o  descr ibed.  

Software programs used i n  t h e  d a t a  reduct ion  

A. 1. DATA ACQUISITION 

A block  diagram of  t h e  d a t a  a c q u i s i t i o n  system i s  shown i n  Fig. A-1. 

Each t ransducer  i n  the b a s i c  rocking test, l o a d  c e l l ,  s t r a i n  gage, e t c , ,  

c o n v e r t s  a given dynamic r e a c t i o n  t o  a d c  vol tage .  C a l i b r a t i o n  of t h e  

ins t rument  e s t a b l i s h e s  i t s  range of  response from z e r o  up t o  210 v o l t s ,  i n  

terms o f  e n g i n e e r i n g  u n i t s ;  l o a d  c e l l s  are c a l i b r a t e d  i n  pounds. The 

signal from each ins t rument  can fo l low two s e p a r a t e  pa ths .  One is  t o  an 

anolog s ignal  r e c o r d e r  ( o s c i l l o g r a p h )  , which p l o t s  v o l t a g e  v e r s u s  time. 

The o t h e r  i s  through a m u l t i p l e x e r  t o  t h e  Varian 620/L-100 computer f o r  

conversion t o  a d i g i t a l  e q u i v a l e n t .  The m u l t i p l e x e r  serves t o  monitor  a l l  

incoming ins t rument  s i g n a l s  a t  i n t e r v a l s  of 0.005 second. This c o n s t i t u t e s  

a pass .  The computer c o n v e r t s  t h e  d a t a  i n  each pass  t o  an e q u i v a l e n t  

i n t e g e r  v a l u e  r e p r e s e n t e d  as "counts." The conversion f a c t o r  i s  always 

c o n s t a n t  a t  409.6 counts  p e r  v o l t .  S ince  response may vary from zero t o  

? l o  v o l t s ,  t h e  range of  t h e s e  i n t e g e r  v a l u e s  i s  z e r o  t o  24096 counts.  

Response g r e a t e r  than 10 v o l t s  i s  s t i l l  output  a t  10 v o l t s ,  and the 

ins t rument  i s  s a t u r a t e d .  

The computer writes t h e  d i g i t a l  e q u i v a l e n t  counts  on t ape  i n  t h e  form 

of  l o g i c a l  records.  An end o f  f i l e  mark s e p a r a t e s  each  test. This  t a p e ,  

t o g e t h e r  w i t h  a complete r e c o r d  o f  t h e  tes t ,  t h e  c a l i b r a t i o n  f a c t o r s  

a s s o c i a t e d  w i t h  each  ins t rument ,  and documented d i s p a r i t i e s  between t h e  

performance of t h e  test and t h e  formal ly  w r i t t e n  procedure,  c o n s t i t u t e  a 
tes t  package . I' I 1  
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A. 2. DATA REDUCTION 

The Varian computer u ses  n ine - t r ack  t a p e  d r i v e s .  I n  o rde r  t o  make t h e  

Varian t a p e  compatible w i t h  t h e  Univac 1110 equipment a t  General Atomic 

Company, i t  i s  necessary  t o  conver t  t h i s  n ine - t r ack  t ape  t o  one wi th  seven 

t r a c k s .  The seven-track t a p e ,  c a l l e d  t h e  " t r a n s l a t e d "  tape, con ta ins  t h e  

r a w  computer count d a t a  as exp la ined  above. H i s t o r i c a l l y ,  t h e  l o g i c a l  u n i t  

number a s s o c i a t e d  wi th  t h i s  t a p e  has  been n ine ;  hence,  it i s  r e f e r r e d  t o  as 

Tape 9. The format of Tape 9 i s  as fol lows.  Data i s  packed i n t o  l o g i c a l  

r eco rds  of 652 words each. The f i r s t  60 words of t he  f i r s t  record  con ta in  

informat ion  on the  test number, t h e  d a t e  i t  was conducted, t h e  i n i t i a l  

b lock  conf igu ra t ion ,  and t h e  rocking  a x i s .  The second 60 words of t h e  

f i r s t  record  con ta in  informat ion  on t h e  in s t rumen ta t ion  used i n  the  test. 

T h e r e a f t e r ,  d a t a  fo l lows  i n  s e q u e n t i a l  fash ion .  

It  has  been customary, f o r  t h e  purposes  of r eco rd  keeping,  t o  t r ans -  

l a t e  Tape 9 d a t a  t o  eng inee r ing  u n i t s ,  which means t a k i n g  the  va lue  i n  

counts ,  mu l t ip ly ing  by t h e  a p p r o p r i a t e  c a l i b r a t i o n  f a c t o r ,  and w r i t i n g  

t h e s e  va lues ,  now i n  pounds, i nches ,  and seconds,  t o  a new t a p e ,  which 

be ing  h i s t o r i c a l l y  a s s o c i a t e d  w i t h  l o g i c a l  u n i t  number 10 i n  t h e  so f tware  

r o u t i n e s ,  i s  c a l l e d  Tape 10. The format  of Tape 10 shows t h e  f i r s t  two 

p h y s i c a l  r eco rds  t o  be  t h e  two 60-word r eco rds  of header  in format ion  

exp la ined  above. T h e r e a f t e r ,  d a t a  are broken up i n t o  p h y s i c a l  r eco rds ,  

each c o n s i s t i n g  of 96 consecut ive  m u l t i p l e x e r  pas ses  of  d a t a  recorded i n  81 

channels .  A minimum of 40 i n s t rumen t  channels  are requ i r ed  f o r  t h e  b a s i c  

rocking  test, b u t  2 channels  are employed f o r  each of t h e  4 load  c e l l s ,  1 2  

s t r a i n  gages,  and 4 eddy c u r r e n t  probes o r  LVDTs. These ins t ruments  are 

t h e r e f o r e  recorded a t  h a l f  t h e  nominal t i m e  i n t e r v a l s .  S ince  t h e  mul t i -  

p l e x e r  pass  i s  0.005 second long ,  each r eco rd  i s  0.48 second of test t i m e .  

Thus a p h y s i c a l  record  i s  96 x 81 = 7776 words i n  l eng th .  Phys ica l  r eco rds  

are always s e p a r a t e d  on t h e  magnetic t a p e  by in t e r - r eco rd  gaps,  and i n d i -  

v i d u a l  tests are s e p a r a t e d  by e n d - o f - f i l e  marks. 
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A.3. DATA REDUCTION CODES 

Data r e d u c t i o n  codes g e n e r a l l y  o p e r a t e  on Tape 10, a l t h o i  

The softwai fundamental d a t a  dump program o p e r a t e s  on Tape 9. 

are desc r ibed  as fo l lows .  

1. BRDUMP - a b a s i c  dump of  the r a w  d i g i t i z e d  d a t a  a f t6  

of t h e  test tape.  BRDUMP unpacks t h e  d a t a  via subrc 

on a word-by-word b a s i s .  For Bas ic  Rocking T e s t  dat 

c a l i b r a t i o n  f a c t o r s  w e r e  a p p l i e d  t o  t h e  counts ,  and 

t i m e  h i s t o r i e s  w e r e  p l o t t e d  via t h e  SC4020 Datagrapf 

A l i s t i n g  of t h i s  program i s  given i n  Table A-I .  

Inpu t  t o  BRDUMP is: 

Card 1: T i t l e  , 12A6 

Card 2: F i l e  number of test , 416 

Beginning record  

Ending r eco rd  

Number of channels  t o  b e  converted 

Cards 3 t o  6 are f o r  each  channel: 

Card 3: Channel number , 216, 6X, F12.6 
P l o t  o p t i o n  (0 = no p l o t ,  1 = 

C a l i b r a t i o n  f a c t o r  

Cards 4 ,  5, and 6 on ly  i f  u s i n g  the p l o t  o p t i o n  

Card 4: T i t l e  of p l o t  , 1OA6 

Card 5: Absc issa  t i t l e  , 10A6 

Card 6 :  Ordina te  t i t l e  , lOA6 
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2. PROBE - a s u b r o u t i n e  o f  BRDUMP wr i t ten  t o  determine a n g u l a r  

s e p a r a t i o n  as measured by t h e  eddy c u r r e n t  probes i n  t h e  1/5-  

scale test. A l i s t i n g  i s  given i n  Table A-2. 

I n p u t  t o  PROBE i s :  

Cards 1 t o  6 ,  same as f o r  BRDIJMJ?, except :  

f i f t h  f i e l d  of c a r d  2; number of  eddy probes,  I 6  

Card 7: Channel 1 a s s o c i a t e d  w i t h  eddy probe, 416 

Channel 2 a s s o c i a t e d  w i t h  eddy probe 

Number of  p o i n t s  i n  s e p a r a t i o n  vs. v o l t a g e  t a b l e  

(card  9)  

P l o t  o p t i o n  (0 = no p l o t ,  1 = p l o t )  

Card 8: Dis tance  between c e n t e r  of probe and rocking  edge 

( f i r s t  channel)  , 3E12.6 

Dis tance  between c e n t e r  of probe and rocking  edge 

(second channel) 

I n i t i a l  a n g u l a r  displacement  

There w i l l  b e  as many c a r d  9s as s p e c i f i e d  on card  7: 

Card 9: C a l i b r a t e d  displacement  of channel  1 , 4F12.0 

Voltage corresponding t o  t h i s  displacement  

C a l i b r a t e d  displacement  of  channel 2 

Voltage corresponding t o  t h i s  displacement  

Cards 10, 11 ,  and 12 o n l y  i f  u s i n g  t h e  p l o t  op t ion:  

Card 10: T i t l e  of p l o t  , 1OA6 

Card 11: Abscissa t i t l e  , 10A6 

Card 12: Ordina te  t i t l e  , 10A6 
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3. FSCOMP - a modi f i ca t ion  of BRDUMP which g ives  t h e  coi 

of several t r ansduce r s  f o r  o b t a i n i n g  t o t a l  rock-down 

dowel s h e a r  force .  For load  ce l l s ,  t h e  component sui 

summation of t h e  magnitudes of each of t h e  ind iv idua :  

s t r a i n  gages, i t  i s  a v e c t o r  sum of on-axis and off-: 

as exp la ined  i n  Sec t ion  4.4. A l i s t i n g  of t h e  changc 

i s  g iven  i n  Table A-3. 

Inpu t  t o  FSCOMP: 

Cards 1 and 2: same as BRDUMP 

Card 3: Number of channels i n  component sum , 216 

Type code (1 = l oad  cel ls ,  2 = s t r a i n  gage: 

Card 4 :  Channel number and 

C a l i b r a t i o n  f a c t o r  of each component , 6 ( :  

Card 5,6,7: Same as c a r d s  4 ,  5, and 6 of BRDUMP. 

93 

nen t s um 

ad and 

s a  

e l l s ;  f o r  

s gages, 
t o  B R D U "  

F6.3) 



.
i

 
I I ! i 

I I I 

i i i ! 1 ! I I ! 

, 

i 

P
 

N
 

L
 

3
 
t
 

z P 
f
 
u
 

1 I 
Y

 
I 

Y
 

4
 
J
 

1 
C

 
1 

.- 
e
 

W
I 

J
 
c
 

C
 

c
 

I 

-
I 

4
 

c
 

2' 
3
 

C 
+

 
+

 
X

 
d
 

L
I! 

9
 

a 
LA 

~ I I ! I I I I I ! ; i I I 1 I i
'

 

Y
 ! ! i i I i I i I i I I I I i i i l.- L

r' 
t
 

a
 

'2
 

. - 1 t c c 9
 
U
 

C
I 

-
I 

I >
 

r
 

b- 4
 

U
I
 

il 

i4.I 

(
J
 

I- 
(
r
' 

>
 

c' 

a
 

i Y
 
c
 

=, - 
r a
 

t- LI 
> 7 
L
'. 

cr 
U
 

_
. 

L
 

c
 

u
 

b
l 

c' c 
1
 

- c UJ 

G
C

~
C

C
C

 
3

C
C

 =
c
c
 c

c
c
c
 

C
C

C
-

C
C

 c
c
 c
 
c

c
c

c
 c
c
 c
 

I 
i 

-
-

-
C

-
~

-
C

C
 

c
r

c
c

 G
-

 
c

c
c

c
 c

 
c 
c
 

C
C

C
C

C
C

C
 c
 

c
c

;
c

c
c

c
~

c
=

c
c

c
c

~
 

C
C

C
C

c
e

C
C

C
C

r
C

c
C

t
 

, 

i 1 I ! I I j ! ! I 

I 
i I 

O
C

.
G

t
2

C
C

C
C

C
 

o
o

o
c

c
c

c
c

c
 

c
 c
 c
 c
 
C

. 0
 c
 c
 c
 

I * I * 4
 

* 8
 

ff 
i
l
 

c c 
c
 

4
 

.* * I
 

* c C
 

c
 
c
 

.* * * c a 

.* ff 
4
 

ff 
ff 
* I * '
C

 
* Q

 

I
 

* ff 
+ * * I
 

c
 * * + c * * e 1
 

! 

i
i

 
1 I 

I
 

i i 
I
 

.* 

I 

c
c
c
c
c
c
c
-
-
-
 

' 
c
 
C
.
C
 
c
 c
 
c
 
c
 

c 
c
 



c
m

m
-

m
w

r
-

t
c

t
c

c
d

 
w, €

 
.c, r- 

I- 
8. 

r- 
f
-
 
tc tc c

 
-
-
-
-
e
-
-
-
-
-
*
 

C
C

C
C

C
C

C
C

C
C

C
 

C
C

C
C

C
C

C
C

C
t

C
 

c
c
c
c
c
c
c
c
c
c
=
 

i 
I I I I I 1 I i i i i i I I ! \ ! j I ! 

$1 
! 

-. - -. 
c
 

c
 

.. L' C
'
 

CCI 
C

I
 

I I I i 

W
L

C
 w
 

P
Z
 z
 

I I 1 ! j ! ! ! I 1 i I ! 1 I 1 I f ! I v
) 

W
 

'
2
 

c- 
L
r 

>
 

5
 

IA
' 

C
 

Q
 

I 

i I I , I I ! I 1 1 I i ! I I I 1
.

 

.- 1- v
 

>
 

P
 

Q
 

2
 

9
 
. - c
 

c
 

'-
t
 

U
 

c
 

.
C

 
11 

+
 

- . s c . i I j i I I I i I i I ! ! ! I I i i ! I i ! 1 i I I I 

,r h 
10 
'
2

 LL 
;-= 0

 
X

 
U

 
P

 
C

 
a
 
r 
>

 
Q

 
a
 

2
 

W
 
I
.
 

8
-fu

 
,

V
I

 
C

.0
 

I- 
P

W
 

-
l
a
 

I 

h
 

H
 

I-
 

s
 

-1
 

a
 

U
 

c
 

c
 

0
 

I 

~ 

L
L

Z
C

 
' 

c
 

I 

C
L

L
 

x
3
.
 

C
Z

 

"
 

+ 
- L

 
T

 

u
v

 
.. 

.r
 

't 
i
 

a. 
c
 . c
 . 0
 
c
 

- 11 
Z

'
 

S
'
 

J
 

c
 

.
U

C
C

 

.
C

 

Ir
: 

n
'
 

- 4
 
P
 

I- 
- 

- ,
c

7
 

c
 

It 
c
 

1
;

 
I 

'
I

 
e
 

j
-

.
 

< 

i ! 
v
v
u
u
 

I 
i I 

! 
! 

i 
U

C
,G

 u
v

'u
 

! 
! ! 

I 
j 

I 
! i

!
 

! 
i 

! 
j 

i 
. 

.
i

 
1 

! 
i 

! 
I 

- -- c
 
c
 
c
 - 

c
 
c
 - - c

 - 
I
 
-
c
 
L
 
c
 
c
 
c
 
c
 - 

7
 
c
 
r
.
 *

- c
 - 
c
 
c
 
L
 
L

 
c
 - -- - 

c
 
c
 - 
c
 - 

c
 

C
C

C
C

C
.

C
C

C
 
T
C
 c
?
:
 
c
z
 c

c
c

 ~
c

c
c

c
c

c
c

c
 

C
V

C
~

C
C

C
 

~
C

C
C

C
C

C
Z

C
C

C
 

c
 e
:
 o

c
 c c

 
G

C
C

 c
 
t
 
t
-
t
 c
 c
 ;

c
 
c
 
t
 
t
 = c

 
t
 c
 c
 c 

c
c
 c c

 
c

c
.
c

 c
c
 c c

c
 c
 c
 ;

c
 
c c 

I 
4 

! 
I 

1 
! 

95 



I i i i ! i 1 

,
!

 
I i I ! I I i 1 j I I I ! 

c
.

 

-
c
 

c
 C

I 

r
! 

I- 
c
.
 

c
 

owr, 
1
 z -. 

I i I I 
.
P
 

C
.
 

c
 

z
 >
 

U
 
a
 
s
 >
 

z
 

h
 

I
 

0
 

J
 

L
 It 

e
 

>
 

b
 

4
 

If' . 
F

>
 

-
2

 

C
C

 
c
-
 

c
 

C
J

 
C

I
A

 

c
.
 - . u
 

.- - L . 

.
c
 c
 

c
c
-
 

.. . 

W
L

 LL 
2
2
 z
 

! i I i I i I I ! i I ! 1 I ! I I I I 

1 I i t , ! I I I I i ! i I I I I 

! I I I ! ! I ! i j ! I ! I I ! ! i 

I I I
 ! I I I - 

C
H

 

C
 

-
+

 
C

I 

r
c

 
- 

c n
' 

-
a

 

C
U

 
L

J
 

N
Z

 

c. 
l-

 
.. 

! 
1 4

-
 

c
 

I I I I 1 ! I I I ! I I i I ! .
C

 

c
.
 

c
 
e
 

'
2
 

I. 

!; C
I 
. 

.
C

 a- 
r

c
 

-
0

 
a
 

-
r
 

I .l-
 

-
c
 

-
a
 

J
 

,J - 
a

r
c

 
t
.
 

x 
LLI 
.a 
e

.
 

-- If 

c
 

.- 
c
c
 

c
7
 

-
0

 
I

d
 

c
z
 

z
-

 
(L

L
L

 
h

 

a
-

 

I i I I 

~ I , I j I I 1 I I l 

4
 
c
 

c
 

w
 
a
 

w
 

>
 
7
 

C
J 

U
 

0
 

I
 

4
 . 4
 
c
 

a
 
n
 

a
 
3
 

4
 . 0

3
 

Lu 
0
: 

0
, 

4
 

n
 

(L
 

c I- 
2
 
3
 

C
.
 

U
 

L
 

Ci 
u
 

C. 
z
 

7
 

C
 

- - 'f Y 
L
 

LA* 
a
 

c
 L
 

c
 

CI 
a. 

. u
) 
c
 

2
 
k
 

- -* 

?
 

k 

I- 
I I- 

* t 
n
.
 z 

.-. 
.-+- 
I1

 I- 
II 

f
 

c
 -.= 
c
 
II c

 
.-+

- 
- 

-3
 

c. 
c
 

c: 
t
 c 

c c
c

 

C
&

 
_
I N

 U
l I
 

2
:
 

- 
2
.
 

i 
v

'
 

I 
m

!
 

! 
1

:
 

I
-

 
C

C
U

U
 

I 

I 
I 

I 
! 

! 
i 

U
U

L
 I ! 

U
C

'
U

U
C

U
 

I 
i 

c' 
C' 

u
 

96 



a 
j 1 ! I i ! i I I 1 I I 

L
U

W
L

L
L

L
L

V
 

2
2
7
2
2
 

I 1 i I I i 1 I I I 1 I I I I I ! I ! ! I ! ! ! - f
 

i I I ! i i i I ! i i I I I i ! i I I I I j i 1 ! I I I ! I 1 

! 1 I j ! i I I 

c
 

I .
C

 

m
 

4
 

2
 

z
 

a
 

4
 

i
 

N
 

- s
 

- L . c c
 
2
 

LL 
I1

 

c
 

>
 
n 
U
 
7
 

h
 

7
 

>
 

z
 

c
 

J
 

lJ
 

I 

0
 

1
.

 

c- 

c
 

- . b
 

.
C

 

L" 
L

 . 

0
 

0
 

V
I 

C
 
c
 
c
 

a
;

 
.
c
 

! 
c

:
 

C
.

 

I
-

W
 

-
' . 
C
C
 

C
 

a
 

c, 
a
c
 

C
 

O
K

 

lo
a

 
i 

u
u

v
 

L
'v

c
:
 

! i 
u
 c
 v

u
 c
 

I
!

 
I 

I I
'

 

! 
I 

I 

97 



I I 

I i ! i j I ! I I ! I i ! I I i I i i. 1 I 

,
'

 

i 

C
 
7
 ! 

'
_

 

98 



~ i I i j I 

~ i , ! I i ! I I , I I I I 1 j I i I I I I 

i I I ! 1 ! i 1 i i I I I ! ! I I I I ! i i I I i I 

Q
) 
* 

d
f
f
 

w
4

 
J

7
 

I
-C

 
c
c
 

-
c
 

c
c
 

G
O

 
c
e
 

- -
N
 

c
c
 

0
0

 
c
c
 

* 
J
a
 

o
a

r
-
 

J
Z

 2
 

r
-
o

c
 

- c1 
0
 

-
m

c
 

c
o
o
 

c
c
c
 

c
o
c
 

u
w

 

c
N
 c
 

c
c
c
 

c
c

c
 

c
c
c
 

-
I 
c
 

P-0 

V
N

-
 

a
c

o
 

c
c

c
 

c
c

c
 

c
c

c
 

C
C

G
 

w
u

 

-
G

C
 

C
O

O
 

c
c

c
 

c
c
c
 

r
-

2
 

I Y
 

-
3

 
.-z

 
>

 
-
I-

-
 
z 

*
E

 
a
 

-
c
 c
 

C
t
C
 

c
c
c
 

c
c

c
 

c
c

o
 

c
 

L
- n 

-
c
 
c
 

c
c
c
 

c
c

e
 

c
c

c
 

J
 

c
 
1
 

-
C

 
R

 
-w

 
2
 

C
L

C
 

i
r

o
c

 
-
-
c
 

c
c

c
 

c
c
c
 

c
c
c
 

U
 

.
-
c
c
 

c
c
c
 

c
c

 c
 

c, c e
 

c
c
c
 

.
c
c
c
 t'c

 
C

C
C

L
C

 
c

=
'
c

c
.
t

'
 

;
c
c
c
o
c
 

c
c

c
 

o
c

c
 

o
c

c
 

! ! I I I 1 I c
c

 
-

a
 

- 
r 

=
I
 

* I- C
 

C
 

-.. 

C
 

N
 

z
 

C3 >
 

S
 
c
 

V
 

Y
 

2
 

4
 

-
I 
a
 

L
 

L
 

If 
h

 
t
 

0
 

C
 
c
 

h
 

c
;
 

Q
 

b- 4
 

Y
'

 

C
 

.. - N
 

r\l 
0
 

c
 
c
 

h
 

- Y
 

LL 

$ 
I 

V
 

.. 
' 

C
I

 
L
' 

, 
U
,
 

3
 

4
 

U
 

.
c
 

-
c
 

c
 

- d c 
>

 
a Q

 
2
 

n L 

a c C
 

IA 
II 

- 
.
c
 
c
 

c
 

8 
I 

c
 

PI 

Y
 

I 
! ! 

1
-

2
 

w
. . 

.
C

 

. c -
:

 

I 
I I 

ml 
I I 

99 



I I I I i I I i I I I i I i i I i i i I I i I i I I I I I I I I I 

r: 
<

 
3

: 
L7 
3
 

2
:
 

iL w
 
- e 4

 
-1 
L

 i I 

3
 
e
 

r- 
0
 

0
 

4
 

N
 

Y
 

2
 
0
 

r
 
I
 
9
 

U
 

i 

z 0 w
 

r
 

I 
t
 

ni 

100 



^
3

0
 

3
0
5
 

5
0

0
 

I 

h
 - 

z
x

 

101 



20
 t 

i 
! 

I 
i i 

I 
!

j
 

c
!
 

i
j

 

I 

I 

I 
i 

! 
I 

--
 

'
I

 
I 

i 
J
 

.-
h

)
 

' 
ra

' 
0

0
 

, 
C

 
c
 

O
!

 
O

!
 

c
.

 

:
 - 

w
 
- *

- 
P
 

4
 
,-.

 
.-. 

I
 
.- -

 4-
-
 - 

Y
-

C
 ru I I ! I I 1 I I t j t i I I I I I I I I I I I I ; 

--
 

- 
Y

C
A

 
Y

 
I i ! i ! I I i I i i I ! I 

i I i ! I I I ! 1 i i I I I i I i I i i i I 

- I2
 

4
 

c
 

I I I ! ! j i i ! I i I i 

I 1 1 i i ! i I I I I i i i 1 ! i I I ! i ! 

I I ! i 1 I I i I I ! I ! i ! I I I 

s
 

(E
 

C
 

c
 
0
 

c ID
 a
 

W
 

I 

I 
! 

I 



TABLE A-2 (continued) 
Y Z ; I h r ' t Y  03072U 



c 

3 04 



! ! 
, ! 

_
_

_
 

_
_

_
 _

_
_

 
_

_
_

 
~ 1 I j I 1 I I I I ! ! i j I ! i I I I I I I I I 

O
O

O
O

O
G

O
O

~
h

N
3

N
~

 
c
.
 c
 
C
Ic
 
c
-
 

- - n
J"l 

R
P

l 
0

0
0

0
0

0
0

0
0

3
0

5
3

3
 

c
o

o
o

c
c

3
o

c
c

3
o

c
 3
 

e
0
0
0
 C

'
D

G
 
C

 
0
 t
 
C

 
C

IC
. 
0
 

O
O

~
G

G
C

S
C

D
C

~
~

=
 

5
 

t
O

C
C

 a
c
c
c
 C

C
3

0
 

o
o

c
o

o
o

c
 o
c
 s

o
0

 
c
 0

 0
 0

 0
 0
 0
 0

 
0
 0

 0
 c
 

I 

w z U 

i 
I 

U
 z
. 

c
 

L
u
 
z
 
.
i 

z: 9
 

"
 

m
 

1
\

1
1

 
w
 

3 05 



I i i I i ! i I 1 I I I I I I I i I I : 

- I - N
 

N
 

II 
N

 

c
\
 

4
 

CI 

c
 

[ I I i I i j ! i I I I , ! I !' i I I I 1 ! ! 

-J 
x

 
I

t
.

 

! ! I ! i 1 I I I j I I i ! I 

I I I I i ! I i , i 

+
 

-
7
 

7
-
 

u
x

 
x

c
 

4
:
 

1
0

 
v
 II 

f
l
-

 
-

z
 

x
3

 
3
2
 

2
-

 
-
3

 
3

-
 

-
>

 
W

n
 

-JI 
z

-
3

 
3
2
 

7
-

 
-
3

 
3

-
 

-
>

 
>

.
 

.
I
-
 

t-- 
e
.
 

z
r
 

-
n
 

c
.
c
\
 

-
n
 

i i I i I I , I I I I I i I i 1 j 

I 

.
!
 

I ! , i 

I 
i 

1 
! 

I I 
I 

106 



i I ! I I I I I I I I ! I I I ! ! 
n 

L 

! . U
 

D
 

c
 

d
 

z
 

I 
I 

107 



TABLE A-3 
FSCOMP PROGRAM (MODIFIED BRDUMP) 

108 



t 

P 

.* 

GENERAL ATOMIC COMPANY 
P. 0. BOX 81608 

AN D E G O ,  CALIFORN&%lJ8, ag [3 , 


	4 ONE-FIFTH-SCALE ROCKING TESTS
	4.1 Description of Test Apparatus
	Test Rig
	Graphite Elements
	Rocking Axis


	4.2 Instrumentation
	4.2.1 General
	4.2.2 Instrument Development Program
	4.2.3 Element Instrumentation
	4.2.4 Data Acquisition Instrumentation
	4.3 Test Scope
	4.4 Test Results
	4.4.1 General
	4.4.2 Rocking Angle
	4.4.3 Dowel Force
	4.4.4 Rock-Down Force

	5 FULL-SCALE ROCKING TESTS
	5.1 Description of Test Apparatus
	5.1.1 Test Rig
	Graphite Elements
	Rocking Axes
	Dowel Stiffness Measurements

	5.2 Instrumentation
	5.2.1 General
	5.2.2 Fuel Element Instrumentation


	5.3 Test Scope
	5.4 Test Results
	5.4.1 General
	5.4.2 Two-Block Configuration
	5.4.3 Multiblock Configurations


	6 COMPARISON BETWEEN 1/5-SCALE AND 1/1-SCALE TESTS
	7 TEST DATA ERROR ANALYSIS
	7.1 Error Sources
	7.1.1 Element Configuration and Initial Conditions
	7.1.2 Element Properties
	7.1.3 Data Acquisition System
	7.1.4 Transducer Calibration or Verification
	7.1.5 Extraneous Errors


	8 REFERENCES
	One-fifth-scale rocking test assembly
	Identification of rocking axes
	element

	Instrumented dowels and load cells in a 1/5-scale element
	One-fifth-scale element A
	One-fifth-scale element B
	One-fifth-scale element C
	One-fifth-scale element D
	Transducer locations in the 1/5-scale element
	Dowel force measurement system
	Rock-down load measuring system
	Element displacement measuring system (eddy current probes
	Element displacement measuring system (LVDTs)
	initial angle X-axis
	two-block configuration
	initial angle X-axis

	Rocking motion - 1/5-scale two block configuration
	initial angle Y-axis

	two-block configuration
	initial angle Z-axis
	initial angle X-axis
	initial angle X-axis

	Full-scale rocking test assembly
	Full-scale dowel dimensions for rocking test
	Full-scale dowel pin notation
	Full-scale element A
	Full-scale element B
	Full-scale element C
	Full-scale element D
	Location of l/l-scale fuel element instrumentation
	initial angle X-axis
	initial angle X-axis

	initial angle X-axis
	scale two-block configuration 5" initial angle X-axis
	scale two-block configuration 15" initial angle X-axis
	scale two-block configuration 15" initial angle Z-axis
	two-block configuration 5" initial angle X-axis

	configuration 15"/Oo initial angle X-axis

	configuration 15O/O0 initial angle X-axis
	confiugration 1O0/6O initial angle X-axis
	configuration 1O0/6O initial angle X-axis
	10°/6" initial angle X-axis

	6-1 Comparison between 1/5-scale and l/l-scale rocking motion
	7-1 Errors in element displacement measuring system
	4-1 Scaling laws for test model
	tests
	1/5-scale rocking test

	4-4 One-fifth-scale test plan
	4-5 One-fifth-scale maximum rock-down and dowel loads
	elements

	5-2 Full-scale dowel thickness values
	5-3 Calibration factors for l/l-scale element transducers
	5-4 Full-scale test plan
	5-5 Full-scale maximum rock-down and dowel loads
	loads and dowel shear forces
	errors

	7-2 Repeated tests employed in the error evaluation
	7-3 Total errors in the 1/5- and l/l-scale test data
	2R
	Engineering Test Laboratories Report 5430-5845 January
	ILTGR Core unpublished data August
	February




