
U.S. Department 
o f Transportation
Federal Railroad  
Adm inistration

Tank Car Damage Assessment 
Procedure Study

Office of R e s e a r c h  a n d  
D e v e l o p m e n t  
W a s h i n g t o n ,  D.C. 2 0 5 9 0

William P. Wright

D e p a r t m e n t  of A r m y
U.S. A r m a m e n t ,  Munitions a n d  C h e m i c a l  C o m m a n d
Ballistic R e s e a r c h  Laboratory
A b e r d e e n  Proving G r o u n d ,  M a r y l a n d  2 1 0 0 5  ,

DOT / FRA/ORD-84/04 May 1984 
Final Report

This document is available to the 
public through the National 
Technical Information Service, 
Springfield, Virginia 22161.

I 14 - Hazmat



sv> • ;Vf
.U'./v ---c'

C- ' ;; • -; ■> •

NOTICE

T h i s  document i s  d i s s e m i n a t e d  u nd er  t h e  s p o n s o r s h i p  o f  
t h e  D e p a r tm e n t  o f  T r a n s p o r t a t i o n  i n  t h e  i n t e r e s t  o f  
i n f o r m a t i o n  e x c h a n g e .  The U n i t e d  S t a t e s  Governm ent  
assumes no l i a b i l i t y  f o r  t h e  c o n t e n t s  o r  use t h e r e o f .

:_>V , . *
• ( , . , p .

, ‘ .'>:v
;



Technical Report Documentation Page

1 e Report No.

F R A / O R D - 8 4 / 0 4

2. Government Accession No. 3. Recipient’ s Catalog No.

4. T it le  and Subtitle 5. Report Date

M a y  1 9 8 4

T A N K  C A R  D A M A G E  A S S E S S M E N T  P R O C E D U R E  S T U D Y 6. Performing Organization Code

8. Performing Organization Report No.
7. Author(s)

W i l l i a m  P .  W r i g h t

9. Performing Organization Name and Address

U S A  A M C C O M , A R D C

10. Work Unit No. (T R A IS )

A T T N :  D R X M C  B L T ( A )

B a l l i s t i c  R e s e a r c h  L a b o r a t o r v

11. Contract or Grant No.

A . N .  D T F R 5 3 - 8 2 - X - 0 0 2 7 5

A b e r d e e n  P r o v i n e  G r o u n d . M D  2 1 0 0 5 13. Typ e  of Report and Period Covered

12. Sponsoring Agency Name and Address

D e p a r t m e n t  o f  T r a n s p o r t a t i o n  

F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n  

O f f i c e  o f  R e s e a r c h  a n d  D e v e l o p m e n t  

W a s h i n g t o n ,  D C  2 0 5 9 0

F i n a l

O c t o b e r  8 2  t o  F e b r u a r y  8 4

14. Sponsoring Agency Code

IS . Supplementary Notes

T h i s  s t u d y  w a s  f u n d e d  b y  t h e  F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n  o f  t h e  D e p a r t m e n t  o f  

T r a n s p o r t a t i o n .

street T h e  s t U ( j y  c o n c e r n s  t h e  r u p t u r e  o f  d a m a g e d  t a n k  c a r s  w h i c h  h a v e  b e e n  i n v o l v e d  

i n  r a i l r o a d  a c c i d e n t s .  I n  t h i s  r e g a r d ,  a  s e r i e s  o f  i m p a c t  t e s t s  u s i n g  t h e  F R A / B R L  

D r o p  H a m m e r  F a c i l i t y  w a s  p e r f o r m e d .  T h e  t e s t s  c o n s i s t e d  o f  t h e  c r e a t i o n  o f  c o n t r o l 

l e d  d a m a g e  t o  f l a t  s t e e l  p l a t e s  w h i c h  h a d  p r o p e r t i e s  e x c e e d i n g  t h e  m i n i m u m  A S T M  

s t a n d a r d s  r e q u i r e d  f o r  s t e e l  u s e d  i n  t h e  c o n s t r u c t i o n  o f  t a n k  c a r s  ( A S T M  A - 5 1 5 ,  

G r a d e  7 0  s t e e l ) . T h e  p l a t e s  r e s p o n d e d  i n  t h e  f o r m  o f  d e n t s  w h i c h  r e f l e c t e d  t h e  

s h a p e s  a n d  s i z e s  o f  t u p s  w h i c h  w e r e  d r i v e n  o n t o  t h e  p l a t e s  a n d  t h e  s i z e s  o f  d i e s  

o n  w h i c h  t h e  p l a t e s  w e r e  p l a c e d .  A s  e x p e c t e d ,  t h e  s h a p e s  o f  t h e  d e n t s  w e r e  s i m i l a r  

t o  t h e  s h a p e s  o f  t h e  t u p s  a n d  a s  t h e  d i e s  w e r e  c h a n g e d  t o  l a r g e r  d i a m e t e r s ,  t h e  

a m o u n t  o f  b e n d i n g  i n c r e a s e d .  A  t o t a l  o f  7 0  t e s t s  w e r e  c o n d u c t e d  w i t h  v a r i o u s  h a m m e r  

h e i g h t s ,  t u p  s h a p e s  a n d  s i z e s ,  a n d  d i e  d i a m e t e r s .  T h e  m a x i m u m  d e n t  d e p t h  a s  a  

f u n c t i o n  o f  i m p a c t i n g  k i n e t i c  e n e r g y  w a s  s h o w n  t o  b e  a  s c a l i n g  f u n c t i o n .  S e v e r a l  o f  

t h e  p l a t e s  w e r e  a n a l y z e d  u s i n g  N D E .  t e c h n i q u e s  ( u l t r a s o n i c s  a n d  d y e  p e n e t r a n t )  a n d  

f r a c t u r e  m e c h a n i c a l  p r o c e d u r e s .  S e v e r a l  i m p o r t a n t  c o r r e l a t i o n s  w e r e  d i s c o v e r e d  

b e t w e e n  t h e  d e n t  c h a r a c t e r i s t i c s  a n d  l e v e l s  o f  f l a w  d a m a g e  f o u n d  i n  t h e  m a t e r i a l .  

T h e  r e s u l t s  w e r e  e n c o u r a g i n g  a n d  ; a . s e r i e s  o f  t a s k s  a r e  i d e n t i f i e d  a s  t h e  b e s t  

a p p r o a c h  f o r  c o n t i n u i n g  o n  t o w a r d  a  f i n a l  s o l u t i o n .

17. Key Words
R a i l r o a d  T a n k  C a r s  

S a f e t y

N o n d e s t r u c t i v e  E v a l u a t i o n .  

F r a c t u r e  M e c h a n i c s

18. Distribution Statement

D o c u m e n t  i s  a v a i l a b l e  t o  t h e  U . S .  p u b l i c  

t h r o u g h  t h e  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  

S e r v i c e ,  S p r i n g f i e l d ,  V i r g i n i a  2 2 1 6 1

19. Security C lo ssif. (of this report)

U n c l a s s i f i e d

20. Security C lossif. (of this page)

U n c l a s s i f i e d

21* No. of Pages

24

22. Price

Reproduction o f com pleted page au tho rized

i

Form D O T  F 1700.7 (8 -7 2 )



METRIC CONVERSION FACTORS

9 —
A p p r o x i m a t e  C o n v e r s io n s  t o  M e t r i c  M e a s u r e s ~

-
~

S y m b o l W h e n  V o u  K n o w M u l t i p l y  b y T o  F i n d S y m b o l — E

8 ------
-

L E N G T H
- E

in in c h e s • 2 .5 c e n t im e te r s c m - e

« fe e t 3 0 c e n t im e te r s c m
7 —

y d y a rd s 0 .9 m e te rs m — ^
m i m ile s 1 .6 k i lo m e te r s k m

A R E A
— =

—

in 2 s q u a re  in c h e s 6 .5 s q u a re  c e n t im e te r s c m 2
f t 2 s q u a re  fe e t 0 .0 9 s q u a re  m e te rs m 2 - =

y d 2 s q u a re  y a rd s 0 .8 s q u a re  m e te rs m 2 —

m i2 s q u a re  m ile s 2 .6 s q u a re  k i lo m e te r s k m 2
acres 0 .4 h e c ta re s ha ——

5 — —

M A S S  ( w e i g h t ) ' — E

o z o u n c e s 2 8 g ra m s 9
lb p o u n d s 0 .4 5 k i lo g r a m s k g —

s h o r t  to n s 0 .9 to n n e s t 4 —

(2 0 0 0  lb ) - =

V O L U M E - E

ts p te a s p o o n s 5 m i l l i l i t e r s m l

——

T b s p ta b le s p o o n s 1 5 m i l l i l i t e r s m l 3  — —

f l  o z f l u id  o u n c e s 3 0 m i l l i l i t e r s m l —
C c u p s 0 .2 4 l i te r s i
p t p in ts 0 .4 7 li te r s i —

q t q u a r ts 0 .9 5 l i te r s i —

g a l g a llo n s 3 .8 l i te r s i —
f t 3 c u b ic  fe e t 0 .0 3 c u b ic  m e te rs m 3 2  —
y d 3 c u b ic  y a rd s 0 .7 6 c u b ic  m e te rs m 3 —

T E M P E R A T U R E  ( e x a c t ) __

° F F a h re n h e it 5 / 9  ( a f te r C e ls iu s ° c
■ " _

te m p e ra tu r e s u b t r a c t in g te m p e r a tu r e 1 ------ _

3 2 )

*1  In . =  2 .5 4  c m  ( e x a c t ly ) .  F o r  o th e r  e x a c t  c o n v e rs io n s  a n d  m o r e  d e ta i l  ta b le s  see ----------- ~ =
N B S  M is c . P u b l.  2 8 6 . U n i t s  o f  W e ig h t  a n d  M e a su re s . P r ic e  $ 2 .2 5  S D  C a ta lo g  ------ =
N o . C 1 3  1 0  2 8 6 .  in c h e s  —

= ------------------2 3
__ A p p r o x i m a t e  C o n v e r s io n s  f r o m M e t r i c  M e a s u r e s

M----------------- 2 2

— ---------2 1
S y m b o l W h e n  Y o u  K n o w M u l t i p l y  b y T o  F i n d S y m b o l

= -------- 2 0
L E N G T H

=
---------1 9 m m m i l l im e t e r s 0 .0 4 in c h e s in

= c m c e n t im e te r s 0 .4 in c h e s in
E5

-------- 1 8 m m e te rs 3 .3 fe e t f t
= m m e te rs 1.1 y a rd s y d

-------- 1 7
k m k i lo m e te r s 0 .6 m ile s

i
m i

-------- 1 6 A R E A

1 5 c m 2 s q u a re  c e n t im e te r s 0 .1 6 sq u a re  in c h e s in 2
m 2 s q u a re  m e te rs 1 .2 sq u a re  y a rd s y d 2
k m 2 s q u a re  k i lo m e te r s 0 .4 sq u a re  m ile s m i2

1 4 h a h e c ta re s  ( 1 0 ,0 0 0  m 2 ) 2 .5 acres

-------- 1 3
:= ---------

M A S S  ( w e i g h t )

=

— g g ra m s 0 .0 3 5 o u n c e s OZ
— 11 k g k i lo g r a m s 2 .2 p o u n d s lb
— t to n n e s  ( 1 0 0 0  k g ) 1.1 s h o r t  to n s

= — 1 0

=
----------9

V O L U M E

8 m l m i l l i l i t e r s 0 .0 3 f lu id  o u n c e s f l  o z
— i l i t e r s 2 .1 p in ts P t
= i l i te r s 1 .0 6 q u a r ts q t
= -----------7 i l i te r s 0 .2 6 g a llo n s gal
— m 3 c u b ic  m e te rs 3 6 c u b ic  fe e t f t 3

-----------6 m 3 c u b ic  m e te rs 1 .3 c u b ic  y a rd s y d 3

=
---------- 5 T E M P E R A T U R E  ( e x a c t )

= 4
° C C e ls iu s 9 / 5  ( th e n F a h re n h e it ° F

— te m p e r a tu r e a d d  3 2 ) te m p e ra tu re
---------- 3

= ------— ° F
-----------2

CNCO

u
.

o

9 8 .6 2 1 2

= - 4 0  0
1 1 1 1 1 1 1 1

4 0  8 0
I | I I I 1

1 2 0  1 6 0  
I I I l | 1 1 1 1

2 0 0 1  
K 11 1 1 1 

- 4 0  - 2 0
1 1 1 

2 0
l 1 1 1 

4 0  6 0  8 0
1 ! 

1 0 0
c m

oo0

3 7 ° c



EXECUTIVE SUMMARY
The Tank Car Damage Assessment Project as 

discussed in  th is  report was defined by the 
Federal Railroad Administratin {FRA! of the 
Department of Transportation {DOT!. The basis 
for interest in  th is  work was that due to tank 
car ruptures following the in it ia l  neutraliza
tion of hazards! a minimum of EM f a t a lit ie s  and 
l l f i  in ju r ie s  had occurred p rior to th is  work.
The B a l l is t ic  Research Laboratory CBRL3- was fund
ed by the FRA to execute a research program for 
the purpose of developing a feasib le  procedure 
for reducing the potential for casualties under 
these circumstances. A main feature of the plan 
was to be the use of advanced technology in  non
destructive evaluation -CNDE! techniques and com
puter equipment.

The BRL in i t ia l ly  performed a lite ra tu re  
search and devised a basic approach for attack
ing the problem. As the work proceededi i t  be
came cle ar that experts in  the f ie ld  of NDE 
applications would be required and that the pro
curement of NDE equipment in  certain categories 
would be p ro hib itive  from a cost point of view- 
Consequently! the Materiel Testing Directorate 
■ CMTDli located at Aberdeen Proving Groundi was 
asked to apply NDE techniques availab le  to them 
to several damaged steel plates and a damaged 
1 /5  scale tank car model. At the same time-i the 
Idaho National Engineering Laboratory -CINELln 
located at Idaho F a lls -i Idahon was requested to 
perform a s im ila r  task on a number of steel 
p lates- I t  was found that the NDE techniques 
which have the greatest potential for use in 
th is  problem are u ltraso n ics! acoustic emission! 
and in fra -re d  detection devices.

I t  was concluded that the tasks needed to 
resolve the problem are as follows: •£!! A data 
base consisting of categories of flaws in tank 
car type m aterials needs to be created- -CE! Cor
re latio n s between flaw ch aracte ristics and meta- 
lu rg ic a l {fractu re  mechanics! parameters and fur
ther correlations with le v e ls  of applied stress 
leading to fa ilu re  should be discovered. { 3 ! An 
e la s t ic -p la s t ic  stress analysis should be per
formed of ty p ic a lly  damaged tank cars to deter
mine the le v e ls  of stress existing during tank 
car wreck clearing operations. CM! And f in a l ly !  
model tank cars need to be tested to v e rify  the 
technology developed! andi after appropriate 
adjustments! a f u l l  scale tank car should be
tested for f in a l v e r if ic a t io n -
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INTRODUCTION
The B a l l is t ic  Research Laboratory -CBRL1 was 

under contract to the Federal Railroad Adminis
tratio n  {FRA! of the Department of Transportation 
{DOT! to investigate the f e a s ib ilit y  of u t i l i z 
ing nondestructive evaluation -CNDED- techniques 
for the purpose of assessing the damage of de
ra ile d  tank cars containing hazardous m aterials. 
For examplei a damaged tank car carrying liq u id  
petroleum gas {LPGJ- under pressure constitutes 
an extreme hazard such that the tank car should 
be approached with great caution- In th is  area 
of studyn the goal i s  to develop adequate proced
ures for making accurate evaluations before and 
during the moving and/or unloading of a damaged 
tank car- These procedures w il l  make use of NDE 
techniques in  combination with an extensive data 
base which describes various categories of flaws 
in  tank car type m aterials. A secondary and much 
le ss  d if f ic u lt  task is  to determine the best NDE 
techniques for the inspection of tank cars dur
ing manufacturing processes and shop repairs-

H is to ric a l data supporting the decision to 
engage in these studies include the fact that 54 
f a t a l it ie s  and lift in ju r ie s  have been sustained 
in  recent years due to tank car ruptures during 
w reck-clearing operations. The worse case occur
red following a 53 car derailment at Uaverlyi 
Tennessee on February 54! IflVfl.-CRef I K  In that 
case! a damaged tank car containing LPG ruptured 
two days after a derailment during preparations 
for having i t s  lading transferred. The lading was 
released and the ensuing f ir e  k ille d  lb persons 
and injured 43 others- Another incident occurred 
on A p ril If li  at Crestviewi F lo rid a ! where 
several wreck-clearing personnel were exposed to 
anhydrous ammonia from a tank car which unexpect
edly ruptured•-CRef- 51- These incidents show that 
wreck-clearing crews! emergency response teams! 
and the public are in  danger even after the in it 
ia l  hazards in  a derailment involving hazardous 
m aterials have been neutralized.

The d if f ic u lt y  in  assessing a wrecked tank 
car was dramatized in  a study conducted by the 
National Transportation Safety Board -CNTSB1 -CRef- 
3 1- That study had the following three objec-

 ̂"Ratlnoad Ac.eA.de.nt Repont-V enatlm ent o L o u i s 
v i l l e  and N a sh v ille  Rallnoad Company'& Train  Wo.
584 and Subsequent Rupture ofi Tank Car C ontaln- 
tn g  L iq u e fied  Petroleum  Gas, Wavenly, T en n essee, 
February 22, 1978", NTSB-RAR-79-1, U.S. N ational 
T ra n sp orta tion  S a fe ty  Bo and, W ashington, V.C.  
20594, 8 February, 1979. 
o

"R ailroad  A cc id en t R e p o r t -L o u ts v llle  and Nash- 
oW L e Rattnoad Company F re ig h t Train V eraltm ent 
and Puncture o l  Hazardous M ateria ls  Tank Cans, 
C restvlem , F lontda , A p r il  8, 1979", NTSB-RAR -79-  
77, U.S. N ationa l T ra n sp orta tion  S a f e t y  Boand, 
W ashington, V.C. 20594, S ep tm b en  1979.

^"SPECIAL INVESTIGATION REPORT -  Tank Can S tr u c t -  
unal I n te g n ity  A&ten V enailm ent", NTSB-S1R-80-1, 
U.S. N ationa l T nanspontatton S a f e t y  Boand, Wash
in g to n , V.C. 20594, O ctoben 16, 1980

tives -  1 1 1  to id e n tify  the hazards associated 
with a degradation in  the a b il it y  of damaged tank 
cars to contain th e ir  lad ingi 151 to determine 
the a b il it y  of experts to estimate th is  reduced 
ca p a b ility ! and 13 1 to examine the f e a s ib ilit y  of 
developing p ractica l guidelines to help determine 
how damaged tank cars loaded with a hazardous 
material should be handled- Cooperating with the 
NTSB as parties to th is  special investigation 
were the FRAi the Association of American R a il
roads {AARK the Compressed Gas Association {GGAK 
Hulcher Emergency Services! and the General Ameri
can Transportation Corporation. In th is  study a 
damaged tank car which had been relieved of it s  
lading was examined and evaluated by persons who 
were considered experts- The tank car was subse
quently hyd ro statically  pressurized to fa ilu re - 
The resu lts of th is  exercise caused the NTSB to 
conclude the following:

"The fa ilu re  pressures of the tank and the 
potential fa ilu re  area were not accurately pre
dicted by the investigation group- The tank actu
a lly  ruptured at a pressure 4D percent below the 
minimum estimated fa ilu re  pressure! and the f a i l 
ure originated at an unexpected location. I t  
should be pointed out! however! that the estimates 
were made using only v isu a l examination- Although 
magna flux and dye penetrant would normally be 
available in- the f ie ld ! they are hot always used- 
Of coursei in  the case of a loaded ca ri no inside 
testing could be done- The fact that experts had 
d iff ic u lt y  estimating fa ilu re  modes and pressures! 
demonstrates that adequate safety guidelines do 
not currently e x ist. The accident history of tank 
car ruptures at accident s ite s  establishes a need 
for such guidelines."

The FRA provided the BRL in i t ia l  guidelines 
for setting up a study program- I t  was pointed 
out that the damaged tank car in  an accident 
would^require the use of nondestructive evaluation 
INDEJ techniques and that these would have to be 
investigated to determine the most useful ones for 
th is  application- Once id e n tifie d ! the required 
equipment associated with each NDE technique were 
to be lis te d . Model tank cars were :to be procured 
which could be used in  a test program where the 
various NDE techniques were to be applied- These 
techniques were then to be evaluated in  terms of 
effectiveness in  y ie ld in g  data that could be used 
to assess the tank car damage- Once the evaluation 
of the damaqe becomes completed! suitab le destruc
tive  testing {m etallurgical evaluation and frac
ture mechanics! were to be conducted for v e r if i 
cation. Based on these studies! a complete set of 
wreck-clearing procedures were to be developed 
and a plan devised for f u l l  scale testing.

The BRL conceived several concepts for ad
dressing the basic problems lis te d  by the FRA- In 
addition to clearing wrecked tank cars! the FRA 
wanted evaluation techniques developed for tank 
car manufacturing and tank car re p airs- I t  was 
decided that the problems associated with the

*N ondestnuctlve t e s t in g  (NVT) I s  a tenm synonymous 
w ith  n o n d es tru c tiv e  eva lu a tion  INVE), but th e  l o t -  
t e n  tenm appeans mone appnopntate and I s  used  
throughout th e  t e x t .
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clearing of an accident s it e  are the most d i f f i 
cu lt  to resolve and that information gained in  
determining appropriate procedures for that kind 
of operation would automatically present methods 
for manufacturing and rep airs. The second is  to 
separate the clearing of tank car procedure in 
to three phases. The f ir s t  i s  to develop methods 
for evaluating the tank car from a safe distance 
to ascertain i f  the car can be safely approached. 
The second is  to develpp methods for making an 
accurate evaluation as a re su lt of being able to 
touch the tank car and apply nondestructive eval
uation {NDE} techniques. {Under some circum
stances i t  may be possible and desirable to 
attach the NDE devices! retreat a safe distance! 
and then execute a remote evaluation-} The third  
i s  to develop techniques for monitoring the tank 
c a r's  condition as the wreck-clearing operation 
proceeds- The la tte r i s  necessary to serve as a 
warning mechanism to the wreck-clearing crew that 
a deterioration of the s itu atio n  has occurred and 
to give the crew time to evacuate.

NDE TECHNIQUES REVIEW
Ultrasonic sound waves is.one of the most 

important NDE techniques ava ilab le. {Ref. 4 a S>. . 
The technique consist of the placement of a trans
ducer next.to the surface of a specimen to be in 
spected- The transducer generates a u ltrasonic 
sound wave which travels through the specimen in  
a p a rticu la r incident angle and d irectio n- In the 
event no flaw or other d iscontinuity i s  present! 
the echo of the sound wave i s  detected by the 
transducer with no variatio n in  the spectrum from 
the known form- In the event a flaw is  present! 
the u ltrasonic system can locate and characterize 
the flaw in  terms o f-s iz e ! shape! orientation! 
and composition by studying the variatio n  in  the 
echo signal.- In the event a data base describing 
categories of flaws and th e ir  ch aracte ristics is  
ava ilab le  in  a computer bank! a sp e c if ic  echo 
signal can be evaluated automatically by having a 
computer make the appropriate comparisons and a 
read out of the re su lt- With the advent of re la 
t iv e ly  cheap computer technology! the value of 
u ltrason ics as an NDE technique increased because 
the technique i s  amenable to automation- The p r i
mary disadvantage of u ltrasonics with regard to 
the tank car damage assessment problem is  that 
the transducer must be touching the surface of 
the tank car and therfore any coating such as a 
thermal insulation must be removed-

Ultrasonic techniques for the detection of 
flaws are generally based on measurements of 
attenuation or reflectio n  of longitudinal or 
shear waves directed into the specimen! or on 
s im ila r  measurements with surface waves- One of 
the most important applications of u ltrasonic NDE 
technology i s  the detection of fatigue cracks or
A

BeJj>&neA, R.E.,  "EZectAomagnettc-Acoaitcc TAa.ru,- 
daceMA, A SuAvey o l the. S tate-0  fi-Tke.-AAt", South- 
we&t Re&eaAch In itttu te , San Antonio, Texai,
UTlAC-7 6-1,  JanuaAy 1976.

^Sttvui, Ja . , H.S. , "Advanced UltAaAonic Testing 
Syitem i, A State-Q\-The-AAt SuAvey", Southwest 
ReieaAch In stitu te , San Antonio., Texai, HTIAC-77- 
1, Septembea  1976

other near-surface defects in  m etallic specimens- 
Surface Waves! i .e .  Rayleigh waves in  thick speci
mens or Lamb {fle x u ra l}  waves in  thin sheets! are 
p a rt ic u la rly  useful for th is  purpose because they 
n atu ra lly  follow the contours of the piece being 
inspected. In the case of attenuation! the pre
sence of defects is  detected as a change in  ampli
tude of the echo pattern. For reflectio n  experi
ments! the pulse-echo type involves the detection 
of u ltrason ic waves scattered by flaws- From th is  
information flaw location! s iz e ! shape and orien
tation can be determined.

U ltrasonic methods can be used to evaluate 
the m etallurgical state of a specimen by the 
measurement of attenuation and/or phase v e lo c ity . 
For example! u ltrasonic attenuation data can of
ten be correlated with grain s ize  of the preci
p itate  or second phase p a rtic le s  in  a metal ma
t r ix .  The usefulness of sound ve lo city  data 
derives from the fact that the sound ve lo c ity  
depends on the values of the e la s t ic  constants 
and these! in  turn! depend on residual stre ss! 
grain o rientation! density! and temperature.

As technology develops! systems tend to in 
crease in  complexity and degree of automation- 
U ltrasonic NDE technology has followed th is  trend. 
For example! most early u ltrasonic NDE systems 
comprised a "home-made" or commercial pulser- 
rece ive r-d isp la y  unit and a hand-held transducer 
which was manually scanned over the part to be 
inspected. Now! with recent rapid decreases in 
co sti s iz e ! and power requirements of general- 
purpose d ig it a l computers! highly automated! com
puter-based systems are appearing in  the f ie ld  
of u ltrason ic NDE- Although some automated sys
tems are used in  the laboratory for conducting 
experiments in  u ltrasonic inspection! many sys
tems are working on the production lin e  y ie ld in g  
high volumei h igh-q uality inspection of basic 
m aterial forms and fabricated structures.

Another NDE technique which depends on sound 
waves i s  referred to as acoustic emission {AE}.
The essence of th is  technique is  that a trans
ducer i s  used to detect sound generated by the 
growth of cracks in  the specimen being tested.
Those m aterials which generate^ the highest levels 
of acoustic sig n als are m etallic  b r it t le  m aterials- 
However! even the re la t iv e ly  soft metals of which 
tank cars are made generate AE sig n als and these 
can be detected after other unwanted s ig n als  have 
been f ilte re d  out. The location of the flaw can 
be detected by using three transducers and a t r i 
angulation procedure. Since the flaw it s e lf  must 
generate the noise as i t  increases in  s iz e i the 
specimen must be under stress as the inspection 
is  being made. For that reason! i t  is  anticipated 
that AE w il l  be an important mechanism for moni
toring the tank car as i t  is  being moved or the 
lading b e in g  unloaded. Such a monitoring system 
w il l  also be important for use during the period 
over which a damaged tank car is  waiting to be 
moved because of possible internal pressure build" 
up in  the event the ambient temperature increases. 
AE devices should also be useful for detecting 
leaks since such leaks generate d is t in c t  sound 
waves. As with u ltraso n ics! AE is  also amendable 
to computer techniques and automation. Conse
quently! AE w il l  be studied as a serious candidate
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for application to the tank can damage assess
ment problem.

An NDE technique which has wide application 
is  referred to as the Magnetic Leakage F ie ld  
Method {Ref. L3-. Th is method is  based on the 
fact that a near surface discontinuity in  the 
geometry or magnetic properties of a magnetized 
body produces a lo calized  perturbation in  the 
magnetic f ie ld  ju s t  outside the surface of the 
body. Thus-, in  principal-, the presence of a 
crack-, nonmagnetic inclusion-, or any other loca
lize d  anomaly in  magnetic properties can be de
tected by searching the surface of a specimen 
fo r.lo ca lize d  fluctuations in  the magnetic f ie ld . 
One of the methods of observing the variation in  
the magnetic f ie ld  i s  the use of a fine powder 
of iron p a rtic le s  which is  applied to the sur
face of the magnetized specimen- These p a rtic le s  
are attracted by the magnetic f ie ld  gradients in  
the v ic in it y  of flaws and tend to adhere to the 
surface in  such regions-, thus giving v is ib le  in 
dications of the presence of flaws. The powder 
of iron p a rt ic le s  can be applied in  a dry form 
or suspended in  a liq u id  which i s  poured,over 
the specimen and allowed to dry. Dry powders are 
more effective  for subsurface flaws and are more 
convenient for inspection under f ie ld  conditions. 
The wet method i s  u sually  superior for detecting 
fin e  and shallow flaws- Often the p artic les are 
colored to give good color contrast with the 
surface being inspected- Disadvantages of the 
magnetic p a rt ic le  method are the requirement for 
v isu a l inspection of surfaces that are not eas
i l y  accessible and the absence of a permanent-, 
quantitative record of the inspection.

In addition to the magnetic powder-, there 
are two other methods called  magnetdgraphic and 
magnetometric. The magnetographic method is  an 
in d ire ct approach! iwhich is  esp ecially  applicable 
to irre g u la r geometries- This approach u t il iz e s  
magnetic tape which is  pressed to the specimen-, 
thereby picking up a magnetic "imprint" of any 
leakage f ie ld s  present. The tape is  la te r scan
ned with a magnetometer. The magnetometric de
tection methods are generally used to d ire ctly  
scan a specimen-, thereby providing a map of the 
leakage f ie ld  produced by a defect.

The Barkhausen effect-, another NDE technique-, 
depends on Barkhausen noise from various mater
i a l  properties including applied and residual 
stress-, grain size-, carbon content. phase mor- 
phology-. and p recip itate  s ize  and d istrib u tio n- 
-CRef. 7}. In  a ferromagnetic material-, the in 
teraction of an applied magnetic f ie ld  occurs 
at the atomic le v e l according to the experimen
t a l ly  v e rif ie d  magnetic domain theory. The in 
teraction of magnetic domain w alls with d is lo ca -

6BeissneA, R.E.,  en ta l , "NVE Applications o 
Magnetic Leakage Field Methods, A State-Ofi-The- 
Afit Survey” , NTIAC-80-1, January 1980, South
west Research In stitu te , San Antonio, Texas 
78284

7
Matzkanin, G.A.,  en ta l , " The Barkhausen Efifiect 

and Its  Applications to  Nondestructive Evalua
tio n s " , NTIA C-79-2, October 1979, Southwest 
Research In stitu te , San Antonio, Texas 78284

tions-i grain boundaries-, p recip itate particles-, 
etc--, under the application of an externally 
applied magnetic f ie ld  of slowly varying inten
sity-. may be sensed by appropriate detection 
means {inductive-, optical-, or acoustic sensors!. 
Most of the effort to date has been directed to
ward applications involving residual stress 
measurement-, however-, research in  recent years 
has also demonstrated the a p p lic a b ility  of the 
method for the NDE of a variety of material pro
perties-. such as grain s ize  and orientation-, de
fect structure, and m etallurgical composition.

Barkhausen noise measurement for NDE has the 
following advantages: { 1 1  the measurement is  fast 
-  a single  measurement taking only a few seconds. 
{23- usually no preparation of the specimen-, such 
as surface cleaning-, is  required. {33- the resu lt 
is  objective. {43- a quick survey of large objects 
is  possible. {S3- fast feedback to process control 
is ; possible in  many cases, and {fc.3- the method is  
e n tire ly  nondestructive-

Barkhausen noise method has the following 
lim ita tio n s: { 1 !  with the inductive method, only 
a thin surface layer {D-S mm3- is  measured. { 2 !  
the thickness and geometry of the sample may 
affect the re su lts . {33- ca lib ra tio n  may be re
quired to compare re su lts  from samples of d if fe r 
ent thicknesses and geometries. {4 ! the re su lt is  
dependent on several m icrostructural parameters, 
and changes in  one factor may completely over
shadow changes in  others.

The fact that the Barkhausen signal is  
affected by a number of material properties com
p licates re lia b le  interpretation of experimental 
re su lts . Lacking is  a fundamental understanding 
of the influence that various m icrostructural 
properties and defect structures have on the de
t a i ls  of the dynamical domain processes. While 
the Barkhausen Effect has been used successfully 
in  a number of s itu a tio n s, development is  needed 
in order to e a s ily  apply th is  technique. For that 
reason, th is  NDE technique w il l  not be choosen 
for d e ta il application to the tank car damage 
assessment problem-

Radiography, using x-rays or gamma rays', is  
the most popular NDE technique {Ref- A3- In th is  
procedure, the radiation source d irects radiation 
through the object and onto photographic film .
The level of radiation is  attenuated according 
to the type and mass of the o b ject's material con
tent. I f  a flaw is  present, the radiation path 
length is  changed and an image of the flaw is  
formed on the film - This use of radiography has 
advantages in  terms of s e n s it iv it y , resolution, 
and the creation of a permanent record. The most 
recent development in  radiography includes some 
forms of automation where the image is  translated 
to a te le v isio n  monitor and there i s  evidence 
that for some applications the use of photographic 
film  can be eliminated a l l  together.

Unfortunately, the use of x -rays or gamma

g
Gardner, G. C ., "Automated Radiography -  A S tate- 

Ofi-The-Art Survey", NTIAC-78-1, June 1978, South
west Research In stitu te , San Antonio, Texas 
78284 -
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rays requires that the photographic film  or some 
other image receptor be on the opposite side of 
the item to be evaluated from the radiation 
source. In the case of the damaged tank earn the 
in te rio r of the car w ill  not be assessable! thus! 
radiography cannot be used. However! th is  NDE 
technique w ill  be useful for verifying  other NDE 
techniques being studied and may be a recommended 
procedure for application in  manufacturing pro
cesses or the shop rep air of damaged tank cars-

Another type of NDE technique concerns the 
effect on m aterials placed on the surface of the 
specimen to be tested* One of these m aterials is  
composed of liq u id  crysta ls  -CRef. U-. The most 
useful ch a racte ristic  of liq u id  crysta ls  i s  th e ir 
change in  color as a function of temperature. The 
heat which causes the change is  due to the exis
tence of a flaw in  the specimen! therefore! the 
existence and location of such flaws can be de
tected. Another procedure i s  the use of a dye 
penetrant which can be used to locate small sur
face cracks in  the specimen which are normally 
not v is ib le . The dye i s  painted onto the specimen 
and the dye penetrates any cracks present. The 
dye i s  then wiped off and a d ifferent material i s  
brushed on. The dye from the cracks interacts 
with the second material and a v is ib le  portrayal 
of the exlisting cracks is  generated. These types 
of NDE techniques have a lim ited application in  
the tank car evaluation problem in  that both re
quire a v is ib le  technique for studying the resu lt 
and are not amendable to automation- However! 
both w ill  be used under certain circumstances in  
th is  study as a means of verifying  other techni
ques and used in  the analysis of intermediate 
type tests on certain specimens.

Other NDE techniques depend on electromag
netic radiation emitted by the object in  question 
or reflected from the object. The la tte r of 
course includes the v is ib le  inspection of the 
object where a properly trained person can con
clude a great deal about the condition of the 
tank car by simply observing the damage and com
paring with knowledge gained from past experience. 
This type of evaluation can be enhanced by the 
use of appropriate tools such as telescopes! 
lig h tin g ! and comparison standards for determin
ing alignment and the level of deformation. This 
concept can be improved by determining in  d e ta il 
the le v e l of deformation {dent radius mapping! 
through the use of moire patterns projected 
o p tic a lly  on a surface. In addition! laser sur
veying instruments can be used to measure re la 
t iv e  deformations p re cise ly. The former concept 
of radiation emission includes the emission of 
electromagnetic radiation due to the object's 
temperature. The amplitude and frequency spectra 
depend on the temperature level and on the ob
je c t 's  surface e m issiv ity. At temperatures below 
incandescence! the emitted radiation is  in  the 
infrared and longer wavelength regions of the 
spectrum. A device which can detect infrared 
emission can indicate re la t iv e  hot and cold spots 
which in  turn can be interpreted In  terms of s ize

A&h, J. Ivan, "L iquid Oiy&taJtA Fo/l UondeAtAuz- 
t i v z  E va lu a tion ", N T IA C -7 S -2 ,  SzptembeA 1978, 
SoutktiZAt ReAzaAQ.h. In A titu iz , San A nton io, Tzxoa, 
78284 '

and location of a leak- Therefore! infrared tech
niques w ill  be studied clo sely for the purpose of 
detecting leaks prior to the removal of the dam
aged tank car and the formation of leaks during 
the removal operation-

INPACT DATA ON FLAT;PLATES
The solution to the damaged tank car assess

ment problem requires knowledge in  at least two 
s p e c if ic  areas- One is  the development of a data 
base which can serve as basic information as to 
how tank car m aterials respond to dynamic impacts. 
That i s !  once the damage has been sustained! what 
are the ch aracte ristics of the types of damage 
which can be used to predict potential rupture of 
the tank car? The other is  to apply NDE techni
ques on sample-damaged m aterials in  order to de
termine th e ir  effectiveness in  locating and iden
t ify in g  sp e cific  types of flaws- As an in it ia l  
phase in  the program! f la t  plates made of steel 
with properties exceeding the American Society 
for Testing and N aterials lASTN! Standards for 
tank car steel were impacted using the FRA/BRL 
Drop Hammer F a c il it y .  These impacts produced var
ious degrees of damage in  the form of dents and 
fractures.

Figure 1  presents a view of the FRA/BRL Drop 
Hammer F a c il it y .  The hammer is  a massive weight

Figure 1 :  The FRA/BRL Drop Hammer F a c il it y



of 4i574 kgm -C1D-IDA4 lbs> which i s  raised v e rt i
c a lly  to some predetermined height depending on 
the amount of k in e tic  energy desired on impact. 
The hammer i s  raised by a cable attached to it s  
top end with a special hook which allows the ham
mer to drop with a minimum of delay once the pro
cedure is  in it ia te d . This mechanism is  referred 
to as the quick release. To trig g er the quick re
lease! a pin is  pulled from it s  in it ia l  position 
by a device called  an actuator. The actuator 
p u lls  on the pin gradually due to a hydraulic 
pump hand worked by a technician. A device which 
records the ve lo city  of the hammer i s  called the 
comb. The data generated by the comb and associ
ated accelerometers are fed d ire c t ly  into a com
puter and serve as basic data from which calcu
latio n s are performed. The calcu latio nal results 
consist of acceleration of the hammer as a func
tion of time and residual hammer energy following 
a punch through of the test specimen.

A diagram of the interacting parts which 
creates the damage is  presented in  Figure 2. The 
hammer does not impact the m aterial! but has an 
object called  a tup attached to the strik in g  end- 
The tup is  threaded to the hammer and can be of 
a rb itra ry  shape and s iz e - In  the figure! the 
strik in g  surface of the tup i s  shown to be f la t  
with the t ip  consisting of a layer of hardened 
ste e l. Below the f la t  surface of the tup in  the 
diagram is  the die which i s  also composed of 
hardened stee l. The die is  held in  place by a die 
holder which l ie s  in  a recess carved in the heavy 
steel base on which the entire  structure is  
attached. I f  the tup perforates a plate! i t  can 
pass through the opening in  the d ie. The cutting 
edge of the die was rounded o ff to y ie ld  more 
r e a lis t ic  re su lts -

Since the purpose of these tests was to ob
ta in  a variety of types and lev e ls  of damage! 
both the tup and the die sizes were varied- 
The three tup sizes used were S-Dfl cm {2 inch]-! 
^•525 cm 13-75 in c h li and 1 3 - 'i? cm {5 .5  inch}. 
Some of the tests were conducted with a f la t  tup! 
but most tests were performed using a hemispher
ic a l  tup- The four die sizes used were 14-24 cm 
-Ct.-□  inch}, 2B.'ib cm -Cfl.25 inch>! 27.^4 cm { 1 1 .  □  
inch! and 3 4 . cm 0 3 .7 5  inch}.

The plates were made of steel with the fo l
lowing ch a ra cte ristics: ASTM ASlSi Grade 70! Mini 
mum te n sile  strength of 4.^217 x ID Kgs/m ! Mini 
mum elongation in  S.Ofl cm {2 inches} of 20^.
Their thicknesses were 1.5A75 cm {5/fl inches} 
with a surface s ize  of bD-^b cm -C24 inches} 
square. The B r in e ll Hardness -CBH} of each of the 
plates was measured and is  included as the la st  
three d ig its  in  a Id e n tificatio n  Number {ID } as
sociated with each plate-

For those plates where the tup did not punch 
through or cause a massive tear! the depth of the 
dent was measured using a d ia l micrometer {DM}.
A ty p ic a l sample of a DM measurement of a plate 
is  presented in  Figure 3. The abscissa in  the 
figure represents positions along a diagonal of 
the square plate with one corner being zero and 
the maximum value of fib.3b cm {34 inches} being 
the opposite plate corner. The die diameter and 
therefore the position of the die re la t iv e .to  the 
plate was determined by assuming that the die 
was centered in  the same position as the deepest 
point in  the dent. The tup was located in  the 
same manner-

Figure 2: The Tup and Die Assemblage of the FRA/ 
BRL Drop Hammer F a c il it y

Figure 3: Sample Plot of DM Measurements
Nine tests were conducted using the f la t  tup 

with a diameter of 1 3 .T? cm {5 .5  inches}. The 
symbol designation for th is  tup is  T. A sum- 
marly of the die diameters and hammerLr heights 
for these tests is  presented in  Table 1 -  The 
three die diameters used were 15-24 cm {b-B 
in ch e sli 2 0 -%  cm {fi.25 inches}! and 27.^4 cm 
{ 1 1 . □  inches}. For th is  tup and the 15-24-cm d ie! 
the primary fa ilu re  mechanism is  shear with the 
tup penetrating the plate in  a punching type 
action. Figure 4 presents a view of the plate 
following Test Number 2 {D H -lb -ll-A 2 -0 3 -13 b } 
where there was a complete punch through. The 
hammer height {HH} was A2.55 cm {32.5  inches- By 
reducing the HH by 1 -2 7  cm {B-5 inches}! the 
tup fa ile d  to punch through as shown in  Figure 5
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and Figure b for Test Number 1  -C D H -lb -ll-S2-0 2- 
145J• Figure 5 presents the f la t  impression 
corresponding to the f la t  tup on the impact side 
of the plate- The f la t  bulge on the bottom side 
i s  shown in  Figure b- Even though th is  test was 
nearly a punch through-, there were no v is ib le  
cracks or tears-

TABLE l :  TL[r IMPACT TESTS SUMMARY

Test
No-

Id e n tifica tio n
Number

Die
Diameter

•fern!

Hammer
Height

-Ccm!
1 D H -lb -11-52-0 2-14 5 15-24 A1-2A
2 D H -lb -ll-A 2-B 3-13b 15-24 A2-S5
3 D H -lb -ll-A E -B l-15 3 IS-, 24 S3-52
4 D H -lb -11-52-0 4-153 2D-1b 5b-3b
5 D H -lb -ll-A 2-D 5-134 2D-1b 11-4 4
b D H -lb -ll-A 2-0b -lb D 2D. 1b lb -52
7 D H -lb -ll-A 2 -0 7 -lb 7 2D. 1b 1D1 • bO
A D H -lb -ll-A 2-0 A -175 27.14 1 0 b.ba
1 D H -17-11-A 2-D 1-11A 27-14 m  ■ ?[□

Figure b: Bottom Side of Plate From Test No- 1

The DM measurements for Test Number 1 are 
presented in Figure 7- The diameter of the bot
tom of the dent-, measured from the plot-, is  less 
than the diameter of the tup-, an apparent contra
d ictio n- However-. when the tup f a i ls  to perfor
ate the platen the hammer rebounds and at the 
same time the plate contracts due to e la s t ic ity .

Figurd 5 : Impact S ide o f  P la te  Fnom T est No- 1

-b -

Figure 7: DM Measurements for Test Number 1

A plot of the maximum dent depth as a func
tion of potential energy {hammer heightl-present- 
ed area of the die ra tio  is  presented in  Figure 
fl- The rate of dent depth increase is  greater 
for the larger die diameters. This is  attributed 
to a tendency toward the bending mode response 
as the distance between the tup edge and the die 
edge increases-

The hemispherical shape was considered more 
representative for general purposes than the 
f la t  shape-, thus the remaining impacts were per
formed using hemispherical tups- The three hemi
spherical tup size s used were 13 -T ?  cm -C5.5 in 
ches! -CT. |,D"n 1-5 25 cm {3-75 inches! {Tm|,}-i 5 -DA 
cm {2 incnes! -CT~,!- I t  was anticipated1 that the 
data would show tnat the dent producing capabil
it y  of these tups would exceed f la t  tups of the 
same diameters dropped at the same HH values- 
The reason i s  that the i n i t i a l  area of contact



Figure A: Dent Depth Versus Potential Energy- 
Die Area Ratio for T^p Test Data

between the tup and the plate constitutes a 
pointi thusn the force per unit area is  far 
greater during the early portion of the tup- 
plate interaction. Also the distance between the 
tup and the edge of the die is  g re a te r thusn 
the plate response tends away from the shear 
mode and toward the bending mode.

The T ,h tUp was used in  24 tests which are 
lis te d  in LM Table 2- The four die diameters 
used were I S -24 cm {b-0 inches}i 2D-lb  cm {A. 25 
inchesln 27.14 cm -C11.0 inchesln and 34-12 cm 
{ 13 . 75 inches}. For each of the die diametersi 
the hammer was raised to a height of 25-4 cm 
■ CIO inches} on the f ir s t  drop and progressively 
raised in  following tests u n t il the tup perfor
ated the plate {caused a large crack or tear}. 
The hammer f a c i l it y  fa ile d  on Test Number 21n 
thusi no data was obtained in  that te st- The tup 
perforated the plates on Test Numbers 15n 25n 32i 
and 33.
TABLE 2: T, H IMPACT TESTS SUMMARY

Test
No-

Id e n tifica tio n
Number

Die
Diameter

{cm}

Hammer
Height

{cm}

ID DH-2b-04-A3-D3-ib0 IS . 24 2 5 .4D
1 1 DH-2b-04-A3-D4-lbD 15.24 SD-AD
12 D H -17 -11-S 2 -0 2 -13 1 I S - 24 1b. 52
13 D H -17 -ll-fl2 -0 3 -12b 15-24 IDb-bA
14 DH-2b-D4-fi3-OS-lbO 15.24 1 2 7 -DD
IS DH-2b-D4-A3-Db-lbO 15.24 1 2 7 .AD

lb DH-2b-D4-A3-Dl-lbD 2D. 1b 25.40
17 DH-2b-04-A3-02-lb0 2D-1b 7b. 2D
IS D H -1S -11-S 2 -0 1-14 1 2D. IB . 12 7 .DD
1 1 D H -lS -ll-S 2 -lD -12 b 2D. 1b 15 2 .4D
2D D H -1S -11 -S 2 -11 -14 1 2D. 1b 17 7 -AD
21 D H -1S -11-S 2 -12-14 0 2D. 1b 22A■ b0

22 DH-2S-D4-A3-2D-lbD 27.14 2 5 .4D
23 DH-2S-D4-A3-21-lbO 27-14 7b-2D
24 DH-25-D4-A3-22-lb0 27.14 12 7 -DD
25 DH-25-D4-A3-23-lb0 27.14 17 7 .AD

2b DH-2S-D4-A3-lb-lbD 34.12 2 5 .4D
27 DH-2S-D4-A3-17-lbD 34.12 7b-2D
2S DH-2S-04-A3-lA-lbD 34-12 12 7 -DD
21 DH-2S-D4-A3-11-lbD 34.12 17 7 .AD
3D DH-2b-D4-A3-15-lbD 34 .12 203-20
31 DH-2b-04-A3-lb-lb0 34-12 203-20
32 DH-27-04-A3-Dl-lb0 34.12 203•2D
33 DH-27-04-A3-02-lb0 34.12 203•2D

Even though the tup had a hemispherical 
shapei a shear plug was formed in Test Number IS . 
Photographs of the re su lt are presented in  F ig 
ures 1  and ID. In that te s ti the die diameter was 
I S . 24 cm {b-D inches} and the HH value was 17S cm 
{70 inches}. The perforation was not a clean 
punch through so the plug and tup jammed in  the 
die-

Figure 1 :  Impact Side of Plate From Test No- IS

Figure ID : Bottom Side of Plate From Test No. IS
A representative sample of a perforation is  

presented in  Figures 1 1  and 12 . The test in 
question is  Test Number 2S where the die diameter 
was 27.14 cm { 1 1 . D inches} and the HH was 17A cm 
{7D inches}. The large crack appeared to have 
started on one side of the bulge and then pro
pagated circum ferencially. The damage mechanism 
appears to have been a severe thinning of the 
steel around the sides of the bulge with the 
thinned metal eventually separating by d u ctile  
fracture-

Figure 13  i s  a sample plot of the DM measure
ments of those plates which were not perforated 
in th is  group of tests.
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Figure 1 1 :  Impact Side of Plate From Test No. 55

The dent depth as functions of drop hammer 
energy-die area ra tio  for those tests without 
perforations are presented in  Figure 14. While 
the trends are s im ila r  to the f la t  tup data 
-CFigure f il l  the dent depths are greater as a 
function of the potential energy-die ra tio .
Againn the rate of dent depth increase is  greater 
as the larger dies were used-

Figure 15 : Bottom Side of Plate From Test No. 55

F igu re  13 : DM Measurements For T est Number 5D

Figure 14: Dent Depth Versus Potential Energy- 
Die Area Ratio for T ^  Test Data

The next group of tests were done using the 
Tmm tup- In general i t  was expected that the 
response by the plates would be s im ila r to the 
previously discussed groupi but that the dent 
depths would be greater for equal values of ham
mer heights. A summary of these tests are lis te d  
in  Table 3.

TABLE 3: Tm  IMPACT TESTS SUMMARY

Test
No*

Id e n tifica tio n
Number

Die
Diameter

{cm!

Hammer
Height

{cm>

34 DH-5S-04-a3-01-lb0 15-54 55.40
35 DH-5S-04-a3-05-lb0 15-54 50. ao
3b DH-55-04-a3-03-lb0 15.54 7b. 50
37 DH-55-04-a3-04-lb0 15.54 101. bO
35 DH-55-04-a3-05-lb0 50.1b 55-40
31 DH-55-04-a3-0b-lb0 50-1b 50. ao
40 DH-55-04-a3-07-ib0 5 0 .% 7b. 50
41 DH-5S-04-a3-01-lb0 57-14 55.40
45 DH-5S-D4-a3-lD-lbD 57.14 50-ao
43 DH-55-04-a3-15-lb0 34.15 55-40
44 DH-55-04-a3-13-lb0 34.15 50-ao
45 DH-55-04-a3-14-lb0 34.15 7b. 50

Figures IS  and lb  presents photographs of the 
impact side and the bottom side of a sample 
plate where the T„H tup was used. The response 
of the plate was M s im ila r  to that obtained for 
the larger hemispherical tup. Figure 17 presents 
a sample of the DM measurements for th is  group 
of te sts i which is  also s im ila r  to the previous
ly  discussed group. The dent depth as functions 
of drop hammer energy/die area ra tio  are present
ed in Figure ia .  The trends are s im ila r  to the 
those of the previous group of te s ts i but the 
dent depths are greater.

-a-
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Figure IS : Impact Side of Plate From Test No- 40

Figure I t :  Bottom Side of Plate From Test No- 4D

50  100 150 200 250
X-DROP HAMMER ENERGY/DIE AREA (JouIm / tq  cm)

3 0 0

Figure Ifl: Dent Depth Versus Potential Energy- 
Die Area Ratio for T ^  Test Data

The remaining tests were performed using the 
TSu tup- Table 4 presents a summary of the tests 
conducted. Photographs of the impact side and 
the bottom side of a plate from a sample test- 
are presented in  Figures 1^ and 2D respectively. 
Figure 2 1  presents a sample of the DM measure
ments which shows that the plates experienced a 
great deal of bending due to the re la t iv e ly  
large amount of material between the edge of the 
die and the tup- .

TABLE 4 : t sh IMPACT TESTS SUMMARY

Die Hammer
Test Id e n tifica tio n Diameter Height

No- Number -Can} ■ Can}

4b DH-Eb-04-A3-07-lb0 1S-E4 ID -lb
47 DH-Eb-04-fl3-0A-lb0 1S-E4 ED-3E
4fl DH-17-11-AE-D4-14D 1S-E4 3D-4B
4T D H -17 -ll-A B -0 S -lb 7 1S-E4 33- DE
50 D H -17 -ll-a a -0 b -lb 7 1S-E4 35-Sb
S I D H -17-11-A E-0T-147 1S-E4 3a- ID
SB D H -17 -ll-f lE -D 7-lb 7 15-E4 4D-b4
S3 D H -17-ll-A E-D fl-13b 1S-E4 43-16
54 DH-Eb-04-A3-DT-lb0 EO-Tb ID ■ I t
SS DH-Eb-D4-B3-lD-lbD ED-Tb E0-3E
Sb D H -lf l-ll-f lB -D l-17 T EO-Tb 3D-48
57 D H -17 -11-A E -1E -17 1 EO-Tb 3 3 -DE
Sfi D H -1 7 - l l -f lE - l l - lS 7 ED-Tb 4D-b4
ST D H -17 -ll-A E -10 -lb 7 EO-Tb 4S-7E
bO DH-Eb-04-fl3-ll-lbD E7-T4 ID ■ I t
b l DH-Eb-D4-A3-lE-lbD E7/T4 ED-3E
bE D H -lfl-ll-A E-D 4-lbD E7-T4 3D-4A
b3 D H -lfl-ll-flE -D 3 -17T E7-T4 3 3 -DE
b4 D H -ia -ll-f lE -O S -17 1 E7-T4 3 5 -Sb
bS DH-Eb-D4-a3-13-lbD 34-TE ID -lb
bb DH-Eb-D4-a3-14-lbD 34-TE ED-3E -
b7 D H -ia -ii-a a -D a -ib ? 34-TE 33-DE
bfl D H -ia -ll-a E -D S -17 1 34-TE 35-Sb
bT D H -ia -ll-B E -D 7 -lb 3 34-TE 3 5 -Sb
70 D H -ia -ll-a E -D b -lb D 34-TE 35-10

Figure 17 : Dfl Measurements For T est Number 34
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-F igure IT : Impact Side of Plate From Test No. tT

-Figure ED: Bottom Side of Plate From Test No- feiT

■ Figure E l:  Dli Neasurements For Test Number Sfl

In p ra c tic a lly  a l l  of the T ^  tup tests 
v is ib le  cracks were observed on in the bottom 
side of the plates on or near the apex of the 
bulges. The seriousness of these types of cracks 
with respect to a tank car rupture cannot be 
estimated with current knowledge- However! th is  
data indicates that for a bend of radius E-54 cm 
{ 1 .0  inch} and a dent depth of 3 -f ll cm { 1 -5  in 

ches} to ti.35 cm {E-S in c h e st there w il l  proba
bly be surface cracking of the steel on the in 
side of the tank car- By continuing th is  process 
of re lating  steel damage to the ch aracte ristics 
of dentsi a means of assessing the damage may be 
developed. In a l l  of th is  test data-i the addition
a l complication of having a weld in  the dent has 
not been addressed. Welds w ill  have to be includ
ed in  the f in a l procedures for the assessment of 
damaged tank cars.

Figure EE presents the plot of the dent 
depth as functions of drop hammer/die area ra tio  
for the test re su lts  where the T_„ tup was used. 
The trends are s im ila r  to those where the data 
was generated with the larger hemispherical tups-

Figure EE: Dent Depth Versus Potential Energy-
Die Area Ratio for T ^  Test Data

As with any test program! in the event the 
data scales a great deal of future test reduction 
may be re alized . Consequently an attempt to scale 
the dent depth as a function of drop hammer energy- 
die area ra tio  was pursued. The re su lts  of th is  
effort are presented in  Figure S3. As Figure S3 
shows! the scaling was done by nondimensionaliz- 
ing the parameters. The X and Y parameters are de
fined as follows:

X = {{E /S }  * {Dt /D])} } :L/2 

and

Y = {DD/d} * {Dt /  D^} 1/4  
where: D is  tup diameter!

DD is  depth of dent {cm}! 
d is  plate thickness {1.SA75 cm = 5/fl i n - l i  

D, i s  die diameter {cm}!
E1' i s  plate density times tup ve locity  

squared {kg/m-sec squared}i 
S i s  ultimate strength of plate material 

{4.4A x ! □ “ kg/m-sec squared= 
bSnDDD psi> ! and

the density of the steel was assumed to be equal 
to 7-7A gm/cc-

This model can be used to interpolate! but to 
extrapolate involves unknown r is k s . In the event 
the model i s  used to extrapolate to other condi
t io n s! tests at those conditions w ill  be required 
for v e r if ic a t io n .

-ID-



Figure 23: Nondimensional Presentation of the 
Dent Depth Versus Energy for the 
Hemispherical Tup Impacts

NDE OF 1 /5  SCALE RAILROAD TANK CAR
NDE techniques were applied to tank car 

type steel for the purpose of evaluating a v a il
able NDE procedures by the Nondestructive Test 
Group of the Materiel Testing Directorate -CMTDJn 
Aberdeen Proving Ground! Maryland. {Ref. ID }.
The MTD agreed to evaluate a 1 /5  scaled tank car 
model which had been impacted and three of the 
damaged plates discussed in  the la s t  section- 
The two NDE techniques used were ultrasonics and 
a form of the Magnetic Leakage F ie ld  Method- The 
objective was to locate existing d isco n tinu ities 
in d ica tiv e  of cracks in  the 1 /5  scale tank car 
model and the three plates. These data were then 
to be used to determine the a b il it y  of the NDE 
techniques used to evaluate the inward and out
ward sides of a damaged tank car from the out
side.

The inspection was done with the Fluores
cent Magnetic P a rtic le  Wet Continous Method and 
the U ltrasonic Pulse Echo Contact Method {Shear 
Wave Model!■ In the former the items were mag
netized using d irect current! sprayed with a 
bath consisting of s ize  14A fluorescent magnetic 
p a rt ic le s  {Magnaflux Corp.} suspended in  a 
petroleum d is t i l la t e  liq u id  vehicle { lig h t  o il  
petroleum d is t i l la t e ^  and inspected under black- 
l ig h t  for patterns in d icative  of cracks or other 
defects. In the lattern a Krautkramer Model 
U SIP-11 flaw detector unit was used with ceramici 
1 /4  inch squarei 45 degrees angle beam! 2i2S MHz 
and 10 MHz transducers calibrated to the sound 
path in  an lib) reference test block- Ninety- 
weight gear o il  and a r t il le r y  grease were used 
for the transducer couplant. The unit se n s it iv 
it y  level was adjusted to produce a 100* f u l l  
screen height echo from the IlbJ test block with 
a 10 -2  cm {4 inch} referenced distance.

A side view of the 1 /5  scale model tank car 
and an end view are presented in  Figures 24 and 
25t resp ectively. The la tte r  view shows the dent 
in  the end which was photographed. The dented

^ yocum, Ran e l l ,  "NVT o£ Damaged 7/5 Scale. Rail
road Tank Car", Report No. 83-H-4, Jane 29, 1983, 
M ateriel Testing V lreetorate, Aberdeen Proving 
Ground, Maryland 21005

ends of the model and the bulged section of the 
three plates were inspected by the magnetic par
t ic le  {d ire ct contact! c o i l !  and e le c tr ic  magnet 
contour probe} and ultrasonic methods- The 10 
MHz transducer was used to inspect the thin 1 /5  
scale tank {approximately 3 mm th ick} and the
2.25 MHz transducer for the thicker sample plates 
{approximately 15 mm th ick} for better resolution

Figure 24: The 1 /5  Scale Tank Car Model

-Figure 25: A Damaged End of the 1 /5  Scale Tank 
Car Model

No d isco n tin u itie s in d icative  of cracks 
were evident in  two sample plates {Numbers DH-lfl- 
l l-f i2 -0 4 -lL 0  and D H -lf l- l l -A E -0 1 -l? cT}- and the 1 /5  
scale model. The sample plate Number D H -lf l-ll-A S - 
Ob-lfciO contained 4 cm and 1 . 1  cm length magnetic 
p a rtic le  crack patterns on the back side. The 
patterns were nearly id e n tica l using contacts! 
c o il!  or e le c tr ic  magnet. The patterns using the 
contact method are shown in  Figure 2L. Both crack 
indications can be detected from either side of 
the plate with u ltraso n ics. The ultrasonic in 
spection from the front side of the plate produc
ed a 100 * f u l l  scale height back echo from the 
larger crack and a 55 * f u l l  scale height echo 
from the smaller cracks {see Figures 27 and 2A}

-11-



Figure Et.: Magnetic P a rtic le  Crack Patterns on 
Plate Number DH-lfl-11-flE-Ofc.-ltiO

Figure E7: Ultrasonic Inspection Indication of 
4 cm Crack Pattern

Several irre levant ultrasonic m ultiple echoes 
were produced at the same height and approximate 
location as the smaller crack-. therefore1. th is  
i s  the smallest detectable s ize  for the u ltra 
sonic instrumentation- The E-ES MHz transducer 
produced a better presentation than the ID MHz 
transducer in  the actual thickness sample-

The study produced two conclusions as f o l -  ' 
lows: { 1 }  The Fluorescent Magnetic P a rtic le  Wet 
Continuous Method could only detect d isconti
n u it ie s  on the exposed exterior surface and 
would be of no use in  locating discontinuties 
in d ica tiv e  of cracks or other defects on the 
inward surface- CE> The Ultransonic Pulse Echo 
Contact Method {Shear Wave Model could locate 
d isco n tin u itie s  throughout the thickness of the 
tank wall {in s id e  and outside}-

Ultrasonics was recommended for use as the 
main inspection method and those areas which can-

Figure Efl: U ltrasonic Inspection Indication of 
1 -1 '  cm Crack Pattern

not be u ltra so n ic a lly  inspected {due to the shape 
of the area}-. that ..magnetic p a rtic le  inspection 
technique be used {with a permanent magnetic or 
e le c tr ic  contour probe}- The ID MHz transducer 
is  not needed to inspect a f u l l  scale tankcar-. 
thus-, a E-ES MHz transducer was recommended-

PARALLEL NDE STUDIES
The Idaho National Engineering Laboratory 

{INEL} assisted in  the program and the material 
in  th is  section constitutes the major points of 
that p artic ip atio n . {Ref- 1 1 }

Three general ch aracte ristics of NDE tech
niques which are needed for application to the 
tank car damage assessment problem weee id e n t i
fie d - These are: {i}Remoteness and fluickness- 
"Remote sensing should be used to the maximum 
extent possible for the safety of personnel. Due 
to the fact that the situation may be developing 
rapidly-, there should be an emphasis on speed-, 
immediacy-, and tim eliness of the information.to 
be gathered." {E} Accurate Determinations -  "Due 
to the high potential for loss of liv e s  and pro
perty-. an accurate determination of the condi
tion o f the tank car is  required. A s ig n if ic a n t 
body of basic m etallurgical-, stress-, structural-, 
and h is to r ic a l data need to be developed and 
made a va ilab le  for correlation in  the f ie ld  with 
NDE fin d in gs." {3 } P o rta b ility  -  "Techniques 
employing equipment or information which cannot 
be assembled on the accident s ite  immediately 
w ill  contribute l i t t l e  to the required assess
ment. The need for p o rta b ility  places a constra
in t  on the various techniques which can be 
employed-, and requires development of an o verall 
systematic approach." The investigation and 
development of NDE techniques and procedures for 
evaluating damaged tank cars w ill  be guided by

^BelZzn, L.S. ,  zn taJL, "Sunvzy o NondeAtnu.eJU.vz 
MetkodLi \on Evaluating VznatZzd Tank Coma, "  BRL 
Contnact Rzpont to  bz pubti&hzd, BaJUUAttz Rz- 
Azanah Labonatony, Abzndzzn Rnovtng Gnound, Man.y- 
Zand 21005-5066
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these basic and fundamental guidelines.
INEL made an independent survey of the var

ious NDE techniques ava ilab le  which culminated 
in  a tenative l i s t  of NDE techniques which i t  is  
anticipated can be the most useful- This tena
t iv e  l i s t  consist of the following:
-C13- "The NDE techniques suitab le for the in i t ia l  
remote assessment and for determining the safety 
of approaching the tank car are: -[a> Supported 
v isu a l observation and inspection! as defined- 
These are to determine gross conditions of dam
age! to determine and measure larger deformations! 
and assess general condition and safety. {b ! In 
frared imaging -  to determine existence! location! 
and re la t iv e  s ize s of s ig n if ic a n t leaks-
{ 2 !  The NDE techniques for detailed assessments 
at close range or in  contact with the damaged 
tank car are: -Cal Supported v isu a l examination- 
to find f in e r d e ta ils  and general observations 
not possible from remote locations- {b ! U ltra
sonics to make thickness measurements as an in 
dex to lo ca l deformation! detect cracks! and re
lated defects in  c r it ic a l  and/or deformed areas! 
and {p o te n tia lly ! parameters related to metal
lu rg ic a l variab les of concern to safety of con
tinuing further operations, { c !  Acoustic Emission 
devices to be in s ta lle d  immediately on close 
approachito^ detect small leaks! changes in  leak 
rates! crack movements! and movements or changes 
in  the structure which may constitute a signal 
of the onset of increased hazards {a safety de
v ic e ! - {d ! Liquid Penetrant Inspection to detect 
surface cracking {p rim a rily  on convex deforma
t io n s ! that may be related to structural weak
ness- The technique is  a secondary one on the 
in i t i a l  approach to the tank car! but is  easy to 
use and may p o ten tia lly  be most useful during the 
la tte r  stages of the operation. Ultrasonic and 
acoustic emission sensing can be operated 
remotely from the same basic system! once the 
scanning devices and fixtu res have been emplaced.
{ 3 ! NDE techniques p o ten tia lly  useful after un
loading and during the recovery operations are:
{ a ! Liquid Penetrant Inspection to detect surface
breaking defects on accessible surfaces- These 
are quicker and more p recise! where applicable! 
than u ltraso n ics or radiography! and require less 
equipment, {b ! U ltrasonics to detect buried 
flaws and defects and those breaking on inaces- 
s ib le  surfaces, { c !  Acoustic emission to detect 
and pinpoint stru ctu ra l responses to changes in  
loading stress and stress created as the car is  
unloaded or moved-"

The BRL provided INEL with ten of the im
pacted plates discussed above for the purpose of 
performing a prelim inary evaluation of NDE 
applications to tank car type steel to test our 
i n i t i a l  ideas concerning the general approach.
The approach was to measure deformation para
meters using NDE techniques and generate corre
la tio n s with physical and m etallurgical measure
ments of damage and residual stru ctural strength. 
The ratio nale  i s  that i f  reasonable correlations 
can be found! then remote observations may be 
used to estab lish  p ro b a b ilis t ic  bounds on the 
stru ctu ral in te g rity  of the tank car- The bounds 
could be narrowed in  successive states as per

sonnel approach closer to the tank car since the 
shorter distances would allow them to make suc
cessively fin e r and more detailed measurements.

The NDE techniques used included v isu al 
inspection! liq u id  penetrant inspection! and var
ious u ltrasonic techniques. Figure 2T presents 
three views of one of the impacted plate speci
mens showing the general shape of the dent- 
Liquid penetrant inspections were done on both 
the convex and the concave sides of the ten plate 
specimens to determine the degree of surface 
cracking- A map was made for each specimen showing 
both s ize  and location of a l l  surface cracks and 
tears- A sample of such a map is - presented in 
Figure 30- The sample shows no signs of cracking 
on the concave sides of the dent except for the 
tears when the thickness was completely penetrat
ed. I t  was observed that the surface cracks run 
in  the ro llin g  d irection of the steel which may 
be in d icative  that the manufacturing process in 
fluences the residual strength le v e l.

Figure 2T a: Convex {Bottom! Side of F la t  Plate 
Specimen

Figure 21 b: Impact Side of F la t  Plate Specimen

-13-



Figure ST c = Cross-section of F la t Plate Speci
men

thinning- Section thinning as much as 35’/. was 
observed- Figure 33 presents an example of ty p i
ca l areas of severe thinning which consist of two 
lobes on the thickness plot the plate specimen- 
Figure 34 presents a case where the thinning 
level was not severe- Those areas of greatest 
thinning constitute the points where the residual 
strength are in  question-

DH-25-04-83-14-160
Figure 3 1: D ia l Micrometer Measurements of Dent 

Depth

-Figure 32: Typical Example of Thickness Versus 
Position for F la t Plate Specimens

Figure 33: Thickness Plot Showing Severe Thinning

Figure 3D: Surface Crack Map on Convex Side of
F la t Plate Specimen

The thicknesses of the specimens were meas
ured using an u ltrasonic thickness gauge- Figure 
31 presents an example of the plots showing the 
depth and radius of curvature of the dents and 
Figure 32 presents a typ ica l plot of thickness 
as a function of position across the dent- I t  
was found that easy v is u a lly  observed fractures 
and tears were located in  the areas of greatest

Figure 34: Thickness Plot Without S u ffic ie n t
Deformation to Cause Severe Thinning

-14-



The to ta l length of surface cracksn number 
of surface cracksn and the area s ize  showing 
s ig n if ic a n t surface cracking compared with de
formation are lis te d  with th e ir  correlation 
co efficien ts in  Table 5. P lots of area of sur
face cracking as a function of maximum depth of 
the dentn number of cracks as a function of max
imum depth of denti and the to tal length of 
cracks as a function of the maximum depth of 
dent are given in  Figures 35 through 3fl. The 
correlations between some of these measurements 
are excellent and i f  these correlations are 
sustained s t a t is t ic a lly  {with a much larger sam- 
ple>n then a valuable tool w il l  be available for 
assessing the stru ctu ral in te g rity  of a damaged 
tank car from data which can be obtained from 
a remote and therefore safe location.

Figure 37: Number of Cracks Versus Dent Depth

TABLE 5: CORRELATION OF MEASURES OF DEGREE OF SURFACE CRACKING AND DEFORMATION

Measure of Surface 
Cracking

Measure of 
Deformation Y-Intercept Slope

Correlation
Coefficient

to ta l Length of Cracks 'A Reduction in  Thickness 1 0=» IT :fcim 1.U4 0.54OT
Area of Surface Cracking Reduction in Thickness

mmIT3- cm ^ ID. 44 D.b'iSl
Total Length of Cracks Dent Depth - 4 . us cm 3 -13 D.LA7S
Number of Cracks Dent Depth -4.34 No- 11.4 5 0.703T
Area of Surface Cracking Dent Depth ™ fi-tab Ecm 31- D4 D.AL'TC
Total Length of Cracks Radius of Curvature -5 .7 3 cm 3.75 D.54AL
Number of Cracks Radius of Curvature -3 7 -DA No- 1A.3D □ •7473
Area of Surface Cracking Radius of Curvature - ‘iD-ST Ecm 4A.3T □ >1D1D

Figure 35: Area of Surface Cracking Versus 
Percent Reduction in  Thickness

Figure 3L: Area of Surface Cracking Versus Dent 
Depth

Figure 3fl: Total Length of Cracks Versus Dent 
Depth

The plates were examined using a computer- 
controlled ultrasonic imaging system for immers
ed ultrasonic testing. A photograph of the sys
tem used is  presented in  Figure 3 ^. The areas in 
which i t  was assumed that information on d is 
tressed metal were 1 1 1  areas near known cracksn 
{3> areas in  otherwise "sound" metaln {33- areas 
having re la t iv e ly  stronger echo s ig n als  at high 
frequencies than at low frequencies! and { 43- 
areas having the same orientation as known cracks 
{which indicate stress d ire c t io n s !. These proper
t ie s  were postulated for areas which contain 
severely disturbed metallurgy and therefore me
ta l which may be on the verge of outright rup
ture.
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Figure 3T: Ultrasonic Examination of F la t Plate 
Specimen

The ultrasonic measurements were made by 
scanning at a frequency of 2-25 MHz in conjunc
tion with a computer-generated imaging for in te r
pretation purposes- Figure 4U presents contour 
plots generated by th is  u ltrasonic imaging sys
tem of flaws in  tine metal- The system produces 
maps of the area of interest in  which the con
tours are lin e s  of equal reflected sonic inten
s it y -  These maps are read much lik e  one would a 
standard topographic map- The patterns made by 
the reflected sound are the " h ills "  of the to
pographic map-, thus-, giving a sonic picture of 
the flaw- The x-y plane i s a top view of a small 
area of a plate specimen- The x-z and the y -z  
planes are two vibws of the thickness of tine 
same area- Targets meeting the above postulated 
conditions were found in  various: areas evaluated 
in  the p lates- Small p o in t-lik e  targets-, and 
some of s lig h t ly  extended areas-. were found in  
moderately deformed areas- Such targets were

e n tire ly  absent in  areas of l i t t l e  or no defor
mation thus indicating that the targets in  
question are associated with deformation. I f  fur
ther work confirms current interpretation of the 
extended and p o in t-lik e  targets as representing 
severe and moderate damage preceding failure-, 
respectively-. and i f  the same or s im ila r pheno
mena are found in other tank car materials-, u ltra 
sonic measurements made in  s itu  on damaged tank 
cars w ill  be a powerful tool for assessing tank 
car status in the f ie ld -

x i

x

Figure MU: Flaw Contour Plots Generated by an 
Ultrasonic Imaging System

Once the flaws are id en tifie d  and described 
in  the damaged tank car-, the seriousness of the 
flaws in  terms of potential rupture must be de
termined in  accordance with a data base consis
ting of probability of rupture as a function of 
applied stress- In order to obtain th is  basic 
data-, a p a ra lle l study in  fracture mechanical 
evaluation of damaged material i s  essentia l- Tank 
car fa ilu re  occur due to an interaction of appli
ed stress and defects {cracks! and th is  can be 
quantified using lin e a r -e la s t ic  fracture mecha
n ics -CLEFhl -

For the purpose of demonstration of the 
methodology and to y ie ld  useful data for the 
problem at hand-, several of the impacted steel 
plates were studied by fracture mechanics. A 
lite ra tu re  search was made for basic characte
r is t ic  data for ASTM AS15-, Grade 7U type stee l- 
Of special interest was the parameter Plane 
Stra in  Fracture Toughness -CKj 1 because when the 
Applied Stress In tensity Factor { 1C ! equals the 
former-i fa ilu re  {rupture! occurs-

Two plates were analyzed for estimating the 
fracture toughness of the undeformed and the de
formed m aterial. Figures Ml and 42 presents 
schematics of the two plates showing the thick
ness measurements and the location of test speci
mens. Time and material lim ita tio n s prevented the 
development of v a lid  Plane S tra in  Fracture Tough
ness {K_ !  measurements- Thus estimates were made 
using c the True Stress-True Stra in  curve de
veloped from te n sile  specimens and these are, l i s t 
ed in  Table fc>- These tests were conducted at 2^4 
°K {70 F I-

Since surface flaws of the same size  as 
embedded flaws are more detrimental-, assuming 
each is  exposed to s im ila r  stresses-, the follow-



Figure 41: Thickness Measurements {mm} and Loca
tions of Test Specimens Removed From 
Plate DH-5b-D4-A3-lbD! a- General 
Schematic b- Section Removed From 
Plate

Cl

Figure 45: Thickness Measurements {mm3- and Loca
tions of Test Specimens Removed From 
Plate DH-Ht.-D4-fl3-E5-lt.Di a. General 
Schematic b. Section Removed From 
Plate

TABLE b: MECHANICAL PROPERTIES FOR PLATES lb  AND 55

ing deals with surface flaws for demonstration 
purposes. The two analyses are for an undamaged 
tank car where the c r it ic a l  flaw s ize  i s  calcu
lated based on an applied stress o f  lb l  MPa 
{55-3 k s i}  and KT of 11D MPa * m h -C1DD k s i * 
in - 2 1  presented in  Table b and for a damaged 
tank car where the maximum allowable stress is  
calculated using = 44 MPa * mh -C4D k s i * in  .isl
and the crack deptncorresponding to those meas
ured by NDE. The correlation between applied 
stress and flaw sizes is  given in  Figure 43. This 
figure can be used to determine the c r it ic a l  crack 
depth for a given value of K_. . Values of 1C for 
damaged tank cars of w all thickness of 1 5 .5±fBm 
{D.4A in -}  are presented in  Figure 44- Since the 
data base of fracture toughness parameters versus 
temperature is  inadequate for developing a sta
t is t ic a l ly  based correlation between K_ and 
temperature! i t  was necessary to estimate K_ to 
i llu s t r a t e  the .a n a lytica l approach for ca lcu la 
ting the c r it ic a l  flaw depthn for undamaged tank 
cars! and for calcu lating  the c r it ic a l  flaw depth- 
stress correlation for damaged tank cars.

For undamaged tank ca rs i the estimate of K_
= 110  MPa * mh ODD k s i * in .% }  in  Table b for 1 
m aterial at 5^4 °K -C7D °F> was used to calculate 
the c r it ic a l  crack depth -C i.e .! that which would 
cause fa ilu re }  i f  the lb . 3 mm ID-b4 in .}  th ick  
wall was exposed to a stress of lb l  MPa -C53-3 
k s i} -  The re su lts  of these calcu latio ns are shown 
in  Figure 43 for two aspect ra t io s ! a/5c = D -l 
and a/5c = D.5i where 5c is  crack length and "a" 
is  the crack depth- The peak K j values occur at 
maximum depth for a/5c = D -l and at the free 
surface for a/5c = 0-5. Experimental evidence 
suggests that when K_ -Cat the free surface} =
K, crack in it ia t io n xw ill  frequently not occur 
due to the plane stress la s  opposed to p lain  
s tra in }  condition at the free surface. Linder 
plane stress conditions K . . .  , i s  greater than
Kl t  ‘-i therefore! crack x in it ia t io n
occurs somewhere else around the perimeter of the 
crack. The curves represented by the so lid  t r i 
angles and the open c ir c le s  in  Figure 43 bound 
the conditions for fa ilu re . For a n a ly tica l 
purposes! a conservative estimate was made that 
the fa ilu re  conditions are governed by the plot 
for a/5c = D -l in  Figure 43. The calculated con
d itio n s for fa ilu re  are given in  Table 7-

Y ield  Ultimate Cold Estimated K^c
Specimen

Id e n tifica tio n
Thickness 

{cm} -Lin-}
Strenqth 

IMPa} {k s i}
Strenqth 

{MPa} {K s i}
Work

t t } {MPa*M1 /2 } { k s i* in .1 /2 }

lb -3 D.b5D 33A 4T 53A 7A D 15A l ib
lb -5 1*575 D-b5U 47b bT 513 Ab 4.5 117 IDb
lb - 1 1.5 b ? D-bl7 410 71 513 Ab 5 -1 1 1 1 101
lb -4 1.13 0 D - 445 7b5 1 1 1 ADD 11b 3 1.5 4A 44

55-3 l.bEb D-b4D 317 4b 55A A1 1 .5 1 1 1 101
55-1 1.5 75 D.bED 4b1 bA bOO A7 4-b 115 105
55-5 l-5 b 5 D.blS 4A3 7D bOO A7 5.4 ID A5
55-4 1.535 D.4A5 71D 103 775 115 55.4 4b 45
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Crack dapth, a (In.)

'‘Figure M3: Applied Stress Intensity Factor and 
Crack Depth for Undamaged Tank Car

Crack depth, a (In.)
0  0.1 0 .2  0.3  0.4 0 .5

-Figure 44: Applied Stress and Crack Depth With 
a/2c = □  •!

For the damaged tank earn where the wall 
thickness has been reduced 2SV.i Table b shows the 
estimated value of 1C = mh {40 k s i * in .y - .  
Figure 44 shows a c plot of c r it ic a l  stress 
versus crack depth for three values of K_ . An 
example of how these plots may be used Xc is  as 
follows: -Cll NDE revealed an estimated average 
crack length of 1 .2 7  cm -CO-S in -}  {disregarding 
the small defects! and a maximum crack length of 
44-5 mm {1 -7 5  in . 3- {  not penetrating the wall 
th ickness!- These measurements were obtained from 
plates lb  and 22 where 341-3 mm {13 -7 5  in -}  and 
271 mm { 1 1 . □  in .}  d ie  diameters were used! re
s p e c t iv e ^  with a 140 mm {5 .5  in .}  tup-i and {2} 
Kj = 44 FlPa * mh {40 k s i * in .% } . {3 } Figure 44 
snows for a/2c = U-ln i f  a = 0-44 cm {Q.175 in . } i  
then the c r it ic a l  stress i s  approximately 1D2 MPa 
{4D k s i} .

A s im ila r  set of curves for a/2c = D-5t 
presented in  Figure 45i are used to make a com
parison of the c r it ic a l  stresses shown in  Table 7 
For K- = 44 MPa * mh {4D k s i * in .^ } : { 1 }  I f  2c 
= 12.7mm {Q-S in .}  and a = b-4 mm {Q.25 in - } i  
then the c r it ic a l  stress i s  equal to 372 MPa {54 
k s i}  which appears to be less than the extrapo
lated value in  Figure 44 for a/2c = 0 -1  for the 
same crack length. {2 }  I f  2c = 23.4 mm {0 -12  in .}  
and a = 1 1 .7  mm {D.4b i n . } i  then the c r it ic a l  
stress is  equal to 223 MPa {32.3  k s i} .  For KT = 
33 MPa * mh {3D k si * in -% } :  { 1 }  I f  2c = 2 3 .1cmm 
{□ •12 in .}  and a = 1 1 -7  mm {D-4b in . } i  then the 
c r it ic a l  stress is  equal to bD-5 MPa {23-5 k s i} .

These calculatio ns i llu s t r a t e  the potential 
a p p lic a b ility  of LEFM techniques for predicting 
fa ilu re  conditions! e-g.n structural, in teg rity  
of damaged tank cars. The next requirement is  to 
relate  the change in  K, as a function of defor
mation! which requiresxxnformation regarding the 
magnitude of deformation for actual damaged tank 
cars- I t  would then be necessary to develop a 
correlation between reduction in  thickness and 
change in  K_ • The s e n s it iv it y  of the c r it ic a l  
crack depthco stress ghown in  Figure 44 in d i
cates that a stress an a lys is  of typ ica l damaged 
tank cars using d ifferen t loading points and 
techniques during movement i s  needed. The magni
tude of these calculated stresses could be used

TABLE 7: CALCULATED CONDITIONS FOR FRACTURE*

Tank Car ----------------T7 5 --------------------------- \7S~
Condition {MPa * in } {k s i * in - }

C r it ic a l
Stress

{MPa} { k s i}

______Flaw Depth {a} for_______
a/2c = 0 -1  a/2c = D-5

{mm! { in . }  {mm} { in -}

Undamaged 1 1  □ 1DD ibo-a
44 4D IbO* fl

Damaged 44 40 241.5
44 40 27b-0
33 30 27b-0
33 30 27b-0

44 40 372-b
44 40 222-1
33 30 27b-0
33 30 lb 4 -2

23-3 lb.3 0.b4 — —
23.3 1.1 0.31 — —
35.□ 1.3 Q.D5 — —
40. □ 4-4 □ •Ifl — —
40.□ 1.3 □ .05 — —
31.3 4-4 □ .Ifl — —
54.D — — b-4 D-25
32-3 — — 11-7 D-4k
40-0 — — b-4 Q-55
23-A — — 11-7 0.4b

cAac.k depth (a) de.fi-Lne.cL, then the, calculated Atfceti t i  the. cALtuiaZ i t A U i ;  but tfi &tAeiA t& 
gtven, then the. calculated cAack depth t i  a cAaJxcclI  value.
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Crack depth, a (In.)

Figure 45: Applied Stress and Crack Depth With 
a/Sc = D.S

in  conjunction with the data in  Figure 44 to 
estimate the accuracy needed for measurements of 
K, and NDE measurements of crack depth. No d is 
cussion of weldments has been attempted in  the 
study thus farn but these are potentially  the 
most vulnerable areas from the viewpoint of a 
fa ilu re -

This study was undertaken as a reconnais
sance effort and was lim ited in  time and scope.
The objectives were to attempt to define more 
c le a rly  the scope of the o vera ll problem and the 
areas in  which future NDE and fracture mechanics/ 
m etallurgical efforts might p ro fitab ly be d irect
ed- The experimental NDE effo rt provided very 
encouraging re su lts ! in  nearly every instance 
confirming i n i t ia l  hypotheses on what could be 
expected. The re su lts  show that there are a num
ber of field-observable NDE quantities {beyond 
the obvious ones of surface-breaking cracks! 
which seem to correlate with important mechanical 
parameters. The c r it ic a l  values of applied stre ss- 
crack s ize  calculated for d ifferen t values of ::
K_ show the usefulness of the fracture mechanics 
concepts and id e n tify  areas where additional work 
needs to be performed. Based on a fracture me
chanics a n a ly s is ! each of the parameters required 
for predicting the safety of moving a damaged 
tank car has been id e n tif ie d ! and recommendations 
to increase accuracy while reducing conservatism 
has been provided. The decisions concerning which 
base material and types of weldments which should 
be studied in  future work should be based on 
re la t iv e  use of the m aterials in  fabricating 
ra ilro ad  tank cars.

The work performed to date indicates that 
the best approach i s  to develop a data base con
s is t in g  of { 1 !  types of flaws existing in  damag
ed tank car m aterials due to impacts! I E !  fa ilu re  
lev e ls  as functions of applied stress for each 
type of flaw! and { 3 ! to predict the applied 
stress due to movement of the tank car or the 
unloading of the tank ca r's  lading. Once corre
latio n s are determined between these various sets 
of data! a series of methods using NDE equipment 
to determine the number! type! and location of 
flaws in the damaged tank car w il l  permit an ac
curate prediction of possible fa ilu re . The effort 
thus far indicates favorably that such a goal is  
possible-

Follow-on tasks which are recommeded are:
C l !  A data base consisting of categories of flaws 
in  tank car m aterials should be developed. The 
flaws can be created by drop hammer impacts on 
f la t  plates or models or perhaps actual damaged 
tank cars are ava ilab le . I E !  A study of the basic 
data should be conducted to determine correlations 
between flaw ch a ra cte ristics ! observables! and 
metalurgical {fracture mechanics! parameters with 
further correlations with le v e ls  of applied stress 
leading to fa ilu re . { 3 ! An e la s t ic -p la s t ic  stress 
analysis of typ ica l damaged tank cars is  needed 
to determine the le v e ls  of stress expected during 
tank car wreck clearance operations. {4 ! Model 
tank cars should be tested using developed tech
nology! and! after appropriate adjustments in  the 
technology! a f u l l  scale tank car test should be 
conducted for f in a l v e rif ic a tio n .
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