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Celebrating her 1000th dive, Alvin explored the floor of the Pacific Ocean

north of the equator in January, 1980. See "Research Note " on page 43.

NAVSO P-510

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r 

(U
n
iv

e
rs

it
y
 o

f 
M

a
ry

la
n
d

, 
C

o
lle

g
e
 P

a
rk

) 
o
n
 2

0
1

4
-1

0
-0

1
 2

0
:2

9
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/u
iu

g
.3

0
1

1
2

0
7

5
6

3
2

4
2

9
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le

Commissioning Date 
JJu11e 1964 

CURft(Nl MHfR 

CTfM SONA.~ PRO.I( 
N<() ttY!lflOPHOH 

stNSOftl----tl-~I 

PERSONNEL 

SPHERE 

~,, . 
t,, I 

' 1

- ; 

tRIM TANK 

0 ) f([T 

Celebrating her 1000th dive, Alvin explored the floor of the Pacific Ocean 
north of the equator in January, 1980. See "Research Note" on page 43. 
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The Crisis Management Program

r 11 he objective of the research on crisis management

funded by the Defense Advanced Research Projects

Agency's Cybernetics Technology Office (DARPA/CTO)

and monitored by the Office of Naval Research (ONR)

is to improve command center operations by developing

and testing computer-based aids for forecasting, mon-

itoring, and managing crises, as follows:

• Develop and test computer-based early warning

and monitoring system(s)

— Develop multi-track, multi-source indicator

systems

— Develop multi-method forecasting capabilities

— Develop intra- and international real-time

monitoring and forecasting capabilities under

the concept of "automated Indications and

Warning (I&W)"

— Develop interactive graphic computer capabil-

ities

• Develop and test computer-based executive deci-

sion aids

— Develop methodologies to anticipate and deal

with various types of crises and crisis manage-

ment problem areas

— Develop aids to enhance option/action selec-

tion during crisis situations

— Develop methodologies and data sets to gain

insight into the processes of "adversary"

option/action selection

— Develop interactive graphic computer capabil-

ities

• Experimentally evaluate, implement, and transfer

to operational users new early warning and

decision-making aids.

These are exploratory development objectives; they

focus on "real-world" operational problems of national

security. Such has not always been the case with the

Crisis Management Program (CMP). While the dual I&W

and crisis decision-making thrusts have been evident
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The Crisis Management Program 

T he objective of the research on crisis management 
funded by the Defense Advanced Research Projects 

Agency's Cybernetics Technology Office (DARPA/CTO) 
and monitored by the Office of Naval Research (ONR) 
is to improve command center operations by developing 
and testing computer-based aids for forecasting, mon­
itoring, and managing crises, as follows: 

• Develop and test computer-based early warning 
and monito ring system(s) 

Develop multi-track, multi-source indicato r 
systems 
Develop multi-method forecasting capabilities 

- Develop intra- and international real-time 
monitoring and forecasting capabilities under 
the concept of "automated Indications and 
Warning ( l&W)" 

- Develop interactive graphic computer capabil­
ities 

• Develop and test computer-based executive deci-
sion aids 

Develop methodologies to anticipate and deal 
with various types of crises and crisis manage­
ment problem areas 
Develop aids to enhance option/action selec­
tion during crisis situations 
Develop methodologies and data sets to gain 
insight into the processes of "adversary" 
option/action selection 

- Develop interactive graphic computer capabil­
ities 

• Experimentally evaluate , implement, and transfer 
to operational users new early warning and 
decision-making aids. 

These are exploratory development objectives; they 
focus on " real-wo rld" operational problems of national 
security. Such has not always been the case with the 
Crisis Management Program (CMP). While the dual l&W 
and crisis decision-making thrusts have been evident 
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since the official inception of the program, method-

ological (especially technological) evolutions have taken

the program much further into the applied area than was

initially thought possible.

Crisis Management became an official CTO program

in 1973, and early in its history two conferences iden-

tified myriad problems in Crisis Management.1 The

problems were broadly defined, encompassing crisis

early warning as well as crisis decision-making and

ranging from the general to the specific in each area.

It was recognized that both I&W and operations

were "high stakes" defense problems. More specific

problems and their implications included:

• Procedures

— Over-reliance on military (and neglect of

political and economic) indicators for I&W

— Short lead time

— Misses/false alarms

— Deception

— Limited option generation and option evalua-

tion in crisis decision-making

• Analyses

— Traditional approach of intuitive analysis

— Lack of institutional memory

— Lack of conceptual/analytical constructs

— Massive amounts of "non-quantifiable" in-

formation

• Information Handling

— Little use of computer-based methodologies

or technologies

— Manual processing

— Poor display/dissemination

— Lack of retrievable historical records

Such procedural, analytical, and information-

handling problems contributed to inadequate perfor-

mance in both I&W and operations. The U.S. intelligence

community failed to anticipate over 47% of the intra-

and international crises that occurred from 1945

through 1975 (CACI, 1977). The situation was exacer-

bated by the fact that for the anticipated crises (53%

in the 31 year period), the warning time for almost half

was seven days or less. Unfortunately, the trend across

time exhibited a deterioration of the situation; that is,

in terms of accurate crisis warning with long lead time,

the performance of the defense and intelligence com-

munities was worse during the 1965-75 period than

from 1945-64 (CACI, 1977).

The record is equally unimpressive regarding the

management of crises. Contingency plans were inade-

quate or non-existent for 58% of the crises in the

1945-75 period. Crisis management in this period was

also characterized by minimal option/action selection

and evaluation. As in crisis warning, management of

performance deteriorated over time. This was partly

a result of the increasing frequency with which second

or third crises developed as offshoots of the primary

crisis, apparently placing a great strain upon the defense

community's ability to anticipate successfully, avert, or

manage intra- and international crises important to

U.S. national security.

The DARPA/CTO Crisis Management Program has

produced some new solutions to these problems. These

solutions have been founded on new analytical con-

structs and methodologies developed in part by quantita-

tive international relations (IR) scholars; on a slow but

perceptible change in the training and skills of members

of both the academic and operational communities; and

on computer science.

While the I&W and operations thrusts were evident

in the early years of the CMP, their focus was fuzzy.
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since the official inception of the program, method­
ological (especially technological) evolutions have taken 
the program much further into the applied area than was 
initially thought possible. 

Crisis Management became an official CTO program 
in 1973, and early in its history two conferences iden­
tified myriad problems in Crisis Manage men t. 1 The 
problems were broadly defined, encompassing crisis 
early warning as well as crisis decision-making and 
ranging from the general to the specific in each area. 

It was recognized that both l&W and operations 
were "high stakes" defense problems. More specific 
problems and their implications included: 

• Procedures 
Over-reliance on military (and neglect of 
political and economic) indicators for l&W 
Short lead time 
Misses/false alarms 
Deception 
Limited option generation and option evalua­
tion in crisis decision-making 

• Analyses 
Traditional approach of intuitive analysis 
Lack of institutional memory 
Lack of conceptual/analytical constructs 
Massive amounts of "non-quantifiable" in­
formation 

• Information Handling 
Little use of computer-based methodologies 
or technologies 
Manual processing 
Poor display/dissemination 
Lack of retrievable historical records 

Such procedural, analytical , and information­
handling problems contributed to inadequate perfor-
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mance in both I&W and operations. The U.S. intelligence 
community failed to anticipate over 47% of the intra­
and international crises that occurred from 1945 
through 1975 (CACI, 1977). The situation was exacer­
bated by the fact that for the anticipated crises (53% 
in the 31 year period), the warning time for almost half 
was seven days or less. Unfortunately, the trend across 
time exhibited a deterioration of the situation ; that is, 
in terms of accurate crisis warning with long lead time, 
the performance of the defense and intelligence com­
munities was worse during the 1965-75 period than 
from 1945-64 (CACI, 1977). 

The record is equally unimpressive regarding the 
management of crises. Contingency plans were inade­
quate or non-existent for 58% of the crises in the 
1945-75 period. Crisis management in this period was 
also characterized by minimal option/action selection 
and evaluation. As in crisis warning, management of 
performance deteriorated over time. This was partly 
a result of the increasing frequency with which second 
or third crises developed as offshoots of the primary 
crisis, apparently placing a great strain upon the defense 
community's ability to anticipate successfully, avert, or 
manage intra- and international crises important to 
U.S. national security. 

The DARPA/CTO Crisis Management Program has 
produced some new solutions to these problems. These 
solutions have been founded on new analytical con­
structs and methodologies developed in part by quantita­
tive international relations (IR) scholars; on a slow but 
perceptible change in the training and skills of members 
of both the academic and operational communities ; and 
on computer science. 

While the I&W and operations thrusts were evident 
in the early years of the CMP, their focus was fuzzy. 
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The methodologies used were primarily those of the

behavioral and social sciences. While much of the re-

search was computer-based, its products were paper.

Data analysis and findings were presented solely in

report form, sometimes with a two inch appendix of

data print-out or code.

In early 1976, the perspective on the place of

computers in CMP research was expanded. They became

not merely invisible tools of basic research from which

paper products were generated, but vehicles for trans-

lating basic research findings into forms understandable

by and useful to real-world intelligence analysts and

crisis managers on a day-to-day basis. Computers came

out of the closet and bridged the gap between basic

research, located primarily in the academic community

with nebulous notions of the national security problems

its efforts could alleviate, and applied work, which while

building on excellent basic research, more directly

addresses operational I&W and crisis management prob-

lems. The expansion of the role of computers in the

Crisis Management Program was institutionalized in the

Demonstration and Development Facility (DDF). The

DDF opened its doors in November 1977 and was

designed to support, expedite, and integrate research

and applications of the Crisis Management Program.2

(DDF performance of these functions for the CMP

was of such quality that the Facility has recently been

expanded to support all other CTO programs.)

The DDF and the change in the role of computers

in the CMP that it represents is illustrated in Figure 1

which summarizes the current status of the Program.

Basic research continues in several areas, e.g., fore-

casting and crisis outcome assessment methodologies.

However, this basic research is explicitly designed to

feed and to be integrated into the user-oriented, inter-

active computer-based aids representing the two thrusts

of the CMP, i.e., the Executive Aids for Crisis Manage-

ment and the Early Warning and Monitoring System

(EWAMS).

The increasing emphasis on applications and transfer

is rendered both possible and necessary by the in-

terest of DoD components in actually using CMP

products to support their operations. For example, in

July 1977 DARPA/CTO signed a Memorandum of

Understanding (MOU) with the Defense Intelligence

Agency's National Military Indications Center (DIA/

NMIC). The MOU has been (and will continue to be)

of great benefit to CMP research by allowing input

from potential users as to their needs and requirements.

CMP research and computer-based products can thus be

focused to be more relevant to user needs and to address

their problems more directly. DIA/NMIC currently

has access to all CMP products via DDF's time-sharing

system and all software will shortly be installed on a

NMIC computer so that the program can run in parallel

with classified systems. Both the Executive Aids and

EWAMS are operational at the Naval Postgraduate

School and have also been transferred to the CIA's

Office of Research and Development. It is probable

that CMP products will be transferred to U.S. European

Command as well as other commands before the demise

of the Program in FY 81.

Spring 1980

5

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r 

(U
n
iv

e
rs

it
y
 o

f 
M

a
ry

la
n
d

, 
C

o
lle

g
e
 P

a
rk

) 
o
n
 2

0
1

4
-1

0
-0

1
 2

0
:2

9
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/u
iu

g
.3

0
1

1
2

0
7

5
6

3
2

4
2

9
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le

•'.,! ·: .. 

The methodologies used were primarily those of the 
behavioral and social sciences. While much of the re­
search was computer-based, its products were paper. 
Data analysis and findings were presented solely in 
report form, sometimes with a two inch appendix of 
data print-out or code. 

In early I 976, the perspective on the place of 
computers in CMP research was expanded. They became 
not merely invisible tools of basic research from which 
paper products were generated, but vehicles for trans­
lating basic research findings into forms understandable 
by and useful to real-world intelligence analysts and 
crisis managers on a day-to-day basis. Computers came 
out of the closet and bridged the gap between basic 
research, located primarily in the academic community 
with nebulous notions of the national security problems 
its efforts could alleviate, and applied work, which while 
building on excellent basic research, more directly 
addresses operational l&W and crisis management prob­
lems. The expansion of the role of computers in the 
Crisis Management Program was institutionalized in the 
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Demonstration and Development Facility (DDF). The 
DDF opened its doors in November 1977 and was 
designed to support, expedite, and integrate research 
and applications of the Crisis Management Program.2 

(DDF performance of these functions for the CMP 
was of such quality that the Facility has recently been 
expanded to support all other CTO programs.) 

The DDF and the change in the role of computers 
in the CMP that it represents is illustrated in Figure I 
which summarizes the current status of the Program. 
Basic research continues in several areas, e.g., fore­
casting and crisis outcome assessment methodologies. 
However, this basic research is explicitly designed to 
feed and to be integrated into the user-oriented, inter­
active computer-based aids representing the two thrusts 
of the CMP, i.e., the Executive Aids for Crisis Manage­
ment and the Early Warning and Monitoring System 
(EWAMS). 

The increasing emphasis on applications and transfer 
is rendered both possible and necessary by the in­
terest of DoD components in actually using CMP 
products to support their operations. For example, in 
July 1977 DARPA/CTO signed a Memorandum of 
Understanding (MOU) with the Defense Intelligence 
Agency's National Military Indications Center (DIA/ 
NMIC). The MOU has been (and will continue to be) 
of great benefit to CMP research by allowing input 
from potential users as to their needs and requirements. 
CMP research and computer-based products can thus be 
focused to be more relevant to user needs and to address 
their problems more directly. DIA/NM IC currently 
has access to all CMP products via DDF's time-sharing 
system and all software will shortly be installed on a 
NMIC computer so that the program can run in parallel 
with classified systems. Both the Executive Aids and 
EWAMS are operational at the Naval Postgraduate 
School and have also been transferred to the CIA 's 
Office of Research and Development. It is probable 
that CMP products will be transferred to U.S. European 
Command as well as other commands before the demise 
of the Program in FY 81 . 
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FY 80
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CRISIS ACTIONS b OBJECTIVES

CRISIS MANAGEMENT PROBLEMS

CRISIS DESCRIPTORS

CRISIS OUTCOMES

CAPABILITY ANALYSES

• POLITICAL b ECONOMIC INDICATORS

• ADVANCED FORECASTING METHODS

• GLOBAL b REGIONAL SCANS

• AUTOMATED CODING

• EXPERT GENERATED INDICATORS

• OPTION GENERATION

• ACTION SELECTION

• PROBLEM FORECASTING

• PRECEDENT SEARCHING

• INFORMATION RETRIEVAL

• MONITORING

• PROBABILISTIC CRISIS

WARNINGS FOR COUNTRIES,

REGIONS. WORLD

FY 81

TRANSFER

PRODUCTION

SOFTWARE

Figure 1

While adaption of CMP methodologies and tech-

nologies has been somewhat less than instantaneous and

community-wide, there has been recognition that there

is an alternative to the "traditional approach of intuitive

analysis;" that a never-ending stream of information can

be managed with computer-based analytical techniques;

that there are alternatives to analyst's "shoeboxes" and

that institutional memories can be systematically ex-

tended; that even unclassified data, if analyzed with

rigorous and systematic methodologies with the speed

of computers, can enhance intuitive analyses performed

in a classified environment.

The Early Warning and Monitoring System

The Early Warning and Monitoring System

(EWAMS) is the lead project on the I&W side of the

Crisis Management Program and serves as the vehicle for

translating and transferring results of basic research in

diverse areas to the user community. The EWAMS is

being developed to alleviate a variety of problems in the

I&W process. Among these are: (1) heavy reliance on the

use of qualitative methods to generate estimates. (Such

methods depend on judgment, intuition, experience,

and memory of the analyst); (2) manual processing and

analysis; (3) relative neglect of political and economic

indicators in favor of military ones; and (4) forecasting

methods that rarely take advantage of developments in

the social, behavioral, and computer sciences. While

Figure 2 presents the current configuration of EWAMS,

its key components can be discussed in terms of quanti-

tative political indicators, a monitoring and short-range

forecasting capability, and a computer-base.

The foundation of the EWAMS indicators is the

World Event Interaction Survey (WEIS) coding scheme

which converts "soft," narrative information about

international political affairs into hard, quantitative

data. This has been accomplished despite the assump-

tion that political information, unlike military informa-
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Figure 1 

While adaption of CMP methodologies and tech­
nologies has been somewhat less than instantaneous and 
community-wide, there has been recognition that there 
is an alternative to the "traditional approach of intuitive 
analysis;" that a never-ending stream of information can 
be managed with computer-based analytical techniques; 
that there are alternatives to analyst 's "shoeboxes" and 
that institutional memories can be systematically ex­
tended; that even unclassified data, if analyzed with 
rigorous and systematic methodologies with the speed 

of computers, can enhance intuitive analyses performed 
in a classified environment. 

The Early Warning and Monitoring System 

The Early Warning and Monitoring System 
(EWAMS) is the lead project on the l&W side of the 
Crisis Management Program and serves as the vehicle for 
translating and transferring results of basic research in 
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diverse areas to the user community. The EW AMS is 
being developed to aJleviate a variety of problems in the 
I&W process. Among these are: (I) heavy reliance on the 
use of qualitative methods to generate estimates. (Such 
methods depend on judgment, intuition, experience, 
and memory of the analyst): (2) manual processing and 
analysis; (3) relative neglect of political and economic 
indicators in favor of military ones; and (4) forecasting 
methods that rarely take advantage of developments in 
the social, behavioral, and computer sciences. While 
Figure 2 presents the current configuration of EW AMS, 
its key components can be discussed in terms of quanti­
tative political indicators, a monitoring and short-range 
forecasting capability, and a computer-base. 

The foundation of the EWAMS indicators is the 
World Event Interaction Survey (WEIS) coding scheme 
which converts "soft," narrative information about 
international political affairs into hard, quantitative 
data. This has been accomplished despite the assump­
tion that political information, unlike military informa-
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Figure 2. The Early Warning and Monitoring System: an Overview

tion, was too subtle and deceptive to be converted to

useful quantitative indicators. As illustrated in Figure 3

the WEIS coding scheme contains 62 distinct kinds of

international political events that can be aggregated into

22 major categories, 10 of which are cooperative and

12 of which are conflictual.

The coding scheme has been used to generate

several international political data bases including a very

large one from the New York Times. Each of the

110,000 events in this data base consists of informa-

tion on who did what to whom, i.e., what country

acted in a certain way toward what other country.

Each of the event coding elements (initiator, event

type, recipient, and date) have numeric equivalents

and are stored digitally on tape or disc. The three data

bases for EWAMS and their beginning dates are the

New York Times (1966), Times of London/Manchester

Guardian (1978), and The Foreign Broadcast Informa-

tion Service's Daily Report for selected areas (1979).

From these data bases, researchers have developed

quantitative indicators of international political be-

havior. The five key ones in the current EWAMS are:

• The total of all political event types sent or

exchanged by a pair of countries;

• The aggregate of cooperative political events

sent or exchanged;

• The total of conflictual political events sent or

exchanged;

• Political tension, whose algorithm is:

tension

conflictual events

total events

1 -

1

total events

100

For example, 20 conflictual events of a total of

70 would be computed as follows:

tension =

20

70

1 -

1

70

100

= 0.2857(0.9857)(100) = 28.16

Spring 1980
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Figure 2. 71te Early Warning and Monitoring System: an Overview 

tion, was too subtle and deceptive to be converted to 
useful quantitative indicators. As illustrated in Figure 3 
the WEIS coding scheme contains 62 distinct kinds of 
international political events that can be aggregated into 
22 major categories, 10 of which are cooperative and 
12 of which are con ilictual. 

The coding scheme has been used to generate 
several international political data bases including a very 
large one from the New York Times. Each of the 
110,000 events in this data base consists of informa­
tion on who did what to whom, i.e. , what country 
acted in a certain way toward what other country. 
Each of the event coding elements (initiator, event 
type, recipient, and date) have numeric equivalents 
and are stored digitally on tape or disc. The three data 
bases for EW AMS and their beginning dates are the 
New York Times (1966), Times of London/Manchester 
Guardian (1978). and The Foreign Broadcast Informa­
tion Service's Daily Report for selected areas (1979). 

From these data bases, researchers have developed 
quantitative indicators of international political be-
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havior. The five key ones in the current EWAMS are: 
• The total of all political event types sent or 

exchanged by a pair of countries; 
• The aggregate of cooperative political events 

sent or exchanged; 
• The total of conflictual political events sent or 

exchanged; 
• Political tension, whose algorithm is: 

conflictual events 0 1 ] 
tension = ------- 1 - ---- 100 

total events total events 

For example , 20 conflictual events of a total of 
70 would be computed as follows: 

tension= - I - - JOO 20 [i I ] 
70 70 

= 0.2857(0.9857)(100) = 28.16 
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COOPERATIVE EVENTS

1. Yield

011 Surrender, yield to order, submit to arrest, etc.

012 Yield position, retreat, evacuate

013 Admit wrongdoing, retract statement

2. Comment

021 Explicit decline to comment

022 Comment on situation-pessimistic

023 Comment on situation-neutral

024 Comment on situation-optimistic

025 Explain policy or future position

3. Consult

031 Meet with, at a neutral site, or send note

032 Visit, go to

033 Receive visit, host

4. Approve

041 Praise, hail, applaud, condolences

042 Endorse other policy or position, give verbal support

5. Promise

051 Promise own policy support

052 Promise material support

053 Promise other future support

054 Assure, reassure

6. Grant

061 Express regret, apologize

062 Give state invitation

063 Grant asylum

064 Grant privilege, diplomatic recognition de facto

relations, etc.

065 Suspend negative sanctions, truce

066 Release and/or return persons or property

7. Reward

071 Extend economic aid

072 Extend military assistance

073 Give other assistance

8. Agree

081 Make substantive agreement

082 Agree to future action or procedure, agree to

meet, to negotiate

9. Request

091 Ask for information

092 Ask for policy assistance

093 Ask for material assistance

094 Request action, call for

095 Entreat, plead, appeal to

10. Propose

101 Offer proposal

102 Urge or suggest action or policy

CONFLICTUAL EVENTS

11. Reject

111 Turn down proposal, reject protest demand, threat,

etc.

112 Refuse, oppose, refuse to allow

12. Accuse

121 Charge, criticize, blame, disapprove

122 Denounce, denigrate, abuse

13. Protest

131 Make complaint (not formal)

132 Formal complaint or protest

14. Deny

141 Deny an accusation

142 Deny an attributed policy, action, role or position

15. Demand

150 Issue order or command, insist, demand

compliance, etc.

16. Warn

160 Give warning

17. Threaten

171 Threat without specific negative sanctions

172 Threat with specific negative sanctions

173 Threat with force specified

174 Ultimatum, threat with time limit and negative

sanctions specified

18. Demonstrate

181 Nonmilitary demonstration, walk-out on

182 Armed force mobilization, exercise and/or display

19. Reduce Relationship

191 Cancel or postpone event

192 Reduce routine international activity, recall

officials, etc.

194 Halt negotiations

195 Break diplomatic relations

20. Expel

201 Order personnel out of country

202 Expel organization or group

21. Seize

211 Seize position or possessions

212 Detain or arrest person(s)

22. Force

221 Non-injury destructive act

222 Nonmilitary injury/desctruction

223 Military engagement

THE WEIS EVENTS CODING SCHEME

Figure 3
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COOPERATIVE EVENTS 

1. Yield 

011 Surrender, yield to order, submit to arrest, etc. 
012 Yield position, retreat, evacuate 
013 Admit wrongdoing, retract statement 

2. Comment 

021 Explicit decline to comment 
022 Comment on situation-pessimistic 
023 Comment on situation-neutral 
024 Comment on situation-optimistic 
025 Explain policy or future position 

3. Consult 

031 Meet with, at a neutral site, or send note 
032 Visit, go to 
033 Receive visit, host 

4. Approve 

041 Praise, hail, applaud, condolences 
042 Endorse other policy or position, give verbal support 

5. Promise 

051 Promise own policy support 
052 Promise material support 
053 Promise other future support 
054 Assure, reassure 

6. Grant 

061 Express regret, apologize 
062 Give state invitation 
063 Grant asylum 
064 Grant privilege, diplomatic recognition de facto 

relations, etc. 
065 Suspend negative sanctions, truce 
066 Release and/or return persons or property 

7. Reward 

071 Extend economic aid 
072 Extend military assistance 
073 Give other assistance 

8. Agree 

081 Make substantive agreement 
082 Agree to future action or procedure, agree to 

meet, to negotiate 

9. Request 

091 Ask for information 
092 Ask for policy assistance 
093 Ask for material assistance 
094 Request action, call for 
095 Entreat, plead, appeal to 

10. Propose 

101 Offer proposal 
102 Urge or suggest action or policy 

CONFLICTUAL EVENTS 

11. Reject 

111 Turn down proposal, reject protest demand, threat, 
etc. 

112 Refuse, oppose, refuse to allow 

12. Accuse 

121 Charge, criticize, blame, disapprove 
122 Oenounce, denigrate, abuse 

13. Protest 

131 
132 

Make complaint (not formal) 
Formal complaint or protest 

14. Deny 

141 Oeny an accusation 
142 Oeny an attributed policy, action, role or position 

15. Demand 

150 Issue order or command, insist, demand 
compliance, etc. 

16. Warn 

160 Give warning 

17. Threaten 

171 Threat without specific negative sanctions 
172 Threat with specific negative sanctions 
173 Threat with force specified 
174 Ultimatum, threat with time limit and negative 

sanctions specified 

18. Demonstrate 

181 Nonmilitary demonstration, walk-out on 
182 Armed force mobilization, exercise and/or display 

19. Reduce Relationship 

191 Cancel or postpone event 
192 Reduce routine international activity, recall 

officials, etc. 
194 Halt negotiations 
195 Break diplomatic relations 

20. Expel 

201 Order personnel out of country 
202 Expel organization or group 

21. Seize 

211 Seize position or possessions 
212 Detain or arrest person(s) 

22. Force 

221 Non-injury destructive act 
222 Nonmilitary injury/desctruction 
223 Military engagement 

THE WEIS EVENTS CODING SCHEME 

Figure 3 
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• Political uncertainty, which is a measure of the

range or variety of events exchanged across the

twenty-two event categories; uncertainty ranges

from 0 to 1 with the former indicating consistent

behavior (low uncertainty) and the latter incon-

sistent behavior (high uncertainty).

The EWAMS enables the analyst to monitor interna-

tional political activity with the raw values of these

indicators or with the deviations from their normal

behavior. These deviations, or z-scores, represent the

number of standard deviations from computed means

of political activity, tension, and uncertainty for the

pair of countries being examined. This methodology

enables the analyst to track the political relations

between any two countries and to isolate those country

pairs exhibiting deviations from empirically established

norms.

These measures of abnormality are used to generate

short-range forecasts. More specifically, when the user

examines a country pair, the computer correlates the

z-scores for the indicators with those in the crisis, pre-

crisis, and non-crisis periods for many historical crises.

For example, when a z-score of +10 is observed the

computer searches through the entire international

event data base, locates the historical reference cases,

and matches the observed score with those generated

by the reference cases. The crisis probabilities reflect

the percentage of times the observed current scores

match those occurring in the past. For instance, if an

analysis of past events reveals that 75 percent of histori-

cal crises occurred within thirty days when z-scores of

conflict activity range from +8 to +11, then the observa-

tion of similar current scores would be accompanied

by a crisis probability of .75.

The entire system (event data, indicators, and

monitoring and forecasting methodology) runs on a PDP

11/70 minicomputer and is accessed via Tektronix

graphic terminals. To meet the requirements of some

operational users, EWAMS is being converted from

FORTRAN IV to BASIC to run on the Tektronix 4051

microprocessor with triple diskettes. Both computer

configurations include hard-copy units that enable

users to generate high-quality paper copies of whatever

appears on the graphic terminal screens.

The two very different ways of using EWAMS are

labelled Automated I&W and Analytic EWAMS. The

former is the more recent capability and is intended

to make the analyst more efficient by automating

several of his standard tasks, focusing his attention

and supplementing his other sources of information.

In Figure 4 the analyst has accessed the Automated

rather than the Analytic I&W module, chosen the

New York Times data base, and the hotspots option

for the first six months of 1979.

The system then goes out and calculates the con-

flict events output by all countries and international

organizations in the world for the period the user has

specified. It selects the top ten in terms of conflict

frequency and produces the output shown in Figure 4.

The user then narrows his focus to the month of July

1979 and gets the output shown in Figure 5. Israel

has replaced the USA as Number 1 and the PLO

(Palestine Liberation Organization) has moved up on

the hotspot list. The hotspot list is one of the features

of the automated I&W component of EWAMS that can

make the analyst more efficient. For example, if the

user accesses this feature first thing in the morning and

finds that nothing has changed since the previous day or

there are no countries on the hotspot list which are of

concern to him, he can concentrate on other matters

Spring 1980
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• Political uncertainty, which is a measure of the 
range or variety of events exchanged across the 
twenty-two event categories; uncertainty ranges 
from 0 to I with the former indicating consistent 
behavior (low uncertainty) and the latter incon­
sistent behavior (high uncertainty). 

The EWAMS enables the analyst to monitor interna­
tional political activity with the raw values of these 
indicators or with the deviations from their normal 
behavior. These deviations, or z-scores, represent the 
number of standard deviations from computed means 
of political activity, tension, and uncertainty for the 
pair of countries being examined. This methodology 
enables the analyst to track the political relations 
between any two countries and to isolate those country 
pairs exhibiting deviations from empirically established 
norms. 

These measures of abnormality are used to generate 
short-range forecasts. More specifically, when the user 
examines a country pair, the computer correlates the 
z-scores for the indicators with those in the crisis, pre­
crisis, and non-crisis periods for many historical crises. 
For example, when a z-score of +IO is observed the 
computer searches through the entire international 
event data base, locates the historical reference cases, 
and matches the observed score with those generated 
by the reference cases. The crisis probabilities reflect 
the percentage of times the observed current scores 
match those occurring in the past. For instance, if an 
analysis of past events reveals that 7S percent of histori­
cal crises occurred within thirty days when z-scores of 
conflict activity range from +8 to+ I I , then the observa­
tion of similar current scores would be accompanied 
by a crisis probability of .75. 

The entire system (event data, indicators, and 
monitoring and forecasting methodology) runs on a PDP 
11 /70 minicomputer and is accessed via Tektronix 
graphic terminals. To meet the requirements of some 
operational users, EWAMS is being converted from 
FORTRAN IV to BASIC to run on the Tektronix 40S I 
microprocessor with triple diskettes. Both computer 
configurations include hard-copy units that enable 
users to generate high-quality paper copies of whatever 
appears on the graphic terminal screens. 

The two very different ways of using EWAMS are 
labelled Automated l&W and Analytic EWAMS. The 
former is the more recent capability and is intended 
to make the analyst more efficient by automating 
several of his standard tasks, focusing his attention 
and supplementing his other sources of information. 
In Figure 4 the analyst has accessed the Automated 
rather than the Analytic l&W module, chosen the 
New York Times data base, and the hotspots option 
for the first six months of 1979. 

Spring 1980 

Go gle 

The system then goes out and calculates the con­
flict events output by all countries and international 
organizations in the world for the period the user has 
specified. It selects the top ten in terms of conflict 
frequency and produces the output shown in Figure 4. 
The user then narrows his focus to the month of July 
1979 and gets the output shown in Figure 5. Israel 
has replaced the USA as Number I and the PLO 
(Palestine Liberation Organization) has moved up on 
the hotspot list. The hotspot list is one of the features 
of the automated l&W component of EWAMS that can 
make the analyst more efficient. For example, if the 
user accesses this feature first thing in the morning and 
finds that nothing has changed since the previous day or 
there are no countries on the hotspot list which are of 
concern to him, he can concentrate on other matters 

Figure 4 

Figure 5 
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during his watch. If, however, there has been a change

or a country that falls under his purview appears on the

list, he can exercise other options of EWAMS to obtain

more detail on the reasons for the country or countries'

appearance on the hotspot list.

Automated I&W also includes warning and monitor-

ing alert lists.3 When the user requests an alert list the

system first calculates a hotspot list for the three months

prior to the date input by the analyst, the date for which

he wants a forecast. In this case the input date is 1

August; therefore, using the Manchester Guardian data

base the system calculates a hotspot list for May, June,

and July. The impact of the switch from the New York

Times to the Manchester Guardian can be seen by the

appearance of the United Kingdom, the United Arab

Republic and Iran on the list. The user can easily change

this list before it is used to calculate the monitoring

and warning list. (This interactive add-delete process

is not included in the sample output.) As illustrated in

Figure 6, the user deletes the United Kingdom and

Rhodesia. There are thus 8 countries on the list to be

used in the calculation of the monitoring and warning

alert list. The computer then calculates the indicators

for every possible country pair on the list (in this case

28 country pairs). After calculating all the indicators,

the system searches for those indicator readings which

are at or above a pre-set threshold. Nine country pairs

satisfy the criterion and are output for the user (Fig-

ure 7). For warning alert lists, the system goes through

the same process; however, the pre-set thresholds are

higher than for the monitoring alert list. In this case,

only the Israeli-PLO country pair meets or passes the

threshold (Figure 8). Like the conflict hotspots, the

monitoring and warning alert lists are intended to make

analysts more efficient and to focus their attention.
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Figure 6 

Figure 7 
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during his watch. If, however, there has been a change 
or a country that falls under his purview appears on the 
list, he can exercise other options of EW AMS to obtain 
more detail on the reasons for the country or countries' 
appearance on the hotspot list. 

Automated I&W also includes warning and monitor­

ing alert lists. 3 When the user requests an alert list the 
system first calculates a hotspot list for the three months 
prior to the date input by the analyst. the date for which 
he wants a forecast. In this case the input date is I 
August ; therefore, using the Manchester Guardian data 
base the system calculates a hotspot list for May, June, 
and July . The impact of the switch from the New York 
Times to the Manchester Guardian can be seen by the 
appearance of the United Kingdom, the United Arab 
Republic and Iran on the list. The user can easily change 
this list before it is used to calculate the monitoring 
and warning list. (This interactive add-delete process 
is not included in the sample output.) As illustrated in 
Figure 6, the user deletes the United Kingdom and 
Rhodesia. There are thus 8 countries on the list to be 
used in the calculation of the monitoring and warning 
alert list. The computer then calculates the indicators 
for every possible country pair on the list (in this case 
28 country pairs). After calculating all the indicators, 
the system searches for those indicator readings which 
are at or above a pre-set threshold. Nine country pairs 
satisfy the criterion and are output for the user (Fig­
ure 7). For warning alert lists, the system goes through 
the same process; however, the pre-set thresholds are 
higher than for the monitoring alert list. In th is case, 
only the Israeli-PLO country pair meets or passes the 
threshold (Figure 8). Like the connict hotspots, the 
monitoring and warning alert lists are intended to make 
analysts more efficient and to focus their attention. 
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PLEASE SELECT TUO COUNTRIES {USA, USRV- UGA., TAZ

SPECIFY ACTIVITY FLOU:

D- ONE UAY {UGA »> TAZ>

V ONE UAY {UGA «< TAZ>

However, the methodology for doing this is different

and provides the analyst with more information since

he knows that the lists are based on pre-set thresholds

for the EWAMS indicators. If the analyst wishes to

know how the indicators are performing for a given

country pair, he can move over to the analytic side of

EWAMS. This is illustrated in the next set of output.

Analytic EWAMS provides the user with a very

flexible set of inputs by which he can specify the coun-

tries (or regions), the direction of international political

activity, the time aggregations (daily, weekly, monthly,

quarterly, or annually), and the time periods he wants to

examine. Figure 9 illustrates these options for Uganda-

Tanzania on a daily basis beginning on 1 October 1978.4

This system outputs a graph (see Figure 10) showing the

trend in conflictual activity with standardized or

z-scored data so that the graphical representation depicts

a pattern which is relative to past Uganda-Tanzania

activity. There are three distinct peaks, each higher than

its predecessor. The process by which the user can

easily change his input options is not shown here; how-

ever, Figure 11 shows the total, cooperative, and con-

flictual political activity indicators in the raw, not

standardized form. The graphical display depicts a rela-

tionship which is hostile or conflictual in tone through-

out October and November 1978. As shown in Tables 1

and 2 the analyst can also request tabular output for the

indicators. For the same two countries during the

8-week period, total activity fluctuated considerably

and tension scores were unusually high (above 50.0

for 6 of the 8 weeks and above 70.0 during two weeks).

Uncertainty peaked at .58 during the week of 29

October.

If the user wants more substantive detail on indica-

tor performance, he can easily retrieve brief textual

descriptions of the actual events that are aggregated

into the indicators. To do this the user needs only to

specify the event types and the system responds with

the requested text. In addition the system has a key-

Figure 10

10/04 10/15 10/22 10/21 11/05 11/12 11/11 11/2t

781003 - 761131 WEEKLY

Figure 11
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However, the methodology for doing this is different 
and provides the analyst with more information since 
he knows that the lists are based on pre-set thresholds 
for the EWAMS indicators. If the analyst wishes to 
know how the indicators are performing for a given 
country pair, he can move over to the analytic side of 
EWAMS. This is illustrated in the next set of output. 

Analytic EWAMS provides the user with a very 
flexible set of inputs by which he can specify the coun­
tries (or regions), the direction of international political 
activity, the time aggregations (daily, weekly, monthly, 
quarterly, or annually), and the time periods he wants to 
examine. Figure 9 illustrates these options for Uganda­
Tanzania on a daily basis beginning on I October 1978.4 

This system outputs a graph (see Figure I 0) showing the 
trend in conflictual activity with standardized or 
z-scored data so that the graphical representation depicts 
a pattern which is relative to past Uganda-Tanzania 
activity . There are three distinct peaks, each higher than 
its predecessor. The process by which the user can 
easily change his input options is not shown here; how­
ever, Figure 11 shows the total, cooperative, and con­
flictual political activity indicators in the raw, not 
standardized form . The graphical display depicts a rela­
tionship which is hostile or conflictual in tone through­
out October and November 1978. As shown in Tables I 
and 2 the analyst can also request tabular output for the 
indicators. For the same two countries during the 
8-week period, total activity fluctuated considerably 
and tension scores were unusually high (above 50.0 
for 6 of the 8 weeks and above 70.0 during two weeks). 
Uncertainty peaked at .58 during the week of 29 
October. 

lf the user wants more substantive detail on indica­
tor performance, he can easily retrieve brief textual 
descriptions of the actual events that are aggregated 
in to the indicators. To do this the user needs only to 
specify the event types and the system responds with 
the requested text. In addition the system has a key-
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ities, threat-spreading networks will be generated, e.g.,

a North Korean and South Korean tension level of .80

would automatically trigger an examination of relations

between the U.S. and South Korea and the USSR and

North Korea. Work on computer-based systems such as

the one described here is aimed at modernizing the

processes by which the Department of Defense conducts

much of its business. Modernizing the Indications and

Warning process is particularly important, given the

improved state-of-the-art and the rather poor 30-year

track record. Yet, such systems cannot and should not

eliminate human judgments. Experienced evaluation of

statistical data is essential to the warning process. The

computer makes statistical data more easily accessible

to the analyst and provides a flexible means of analyzing

and displaying information relevant to national security,

as an aid to conceptualization and interpretation. The

executive aids for crisis management, to which we now

turn, can also offer such assistance.

Tables I and II

word search routine that allows rapid search of more

than 120,000 international political events exchanged

among all countries in the world from 1966 to the

present. It can be used to retrieve all text containing

any combination of keywords, e.g., SALT and Cruise

Missiles.

Of the many coming improvements to EWAMS,

two are highly relevant to readers of the ONR Research

Reviews, particularly those attached to larger staffs. The

first concerns possible integration of the political indica-

tor system with existing computer-based military indica-

tor systems of similar design. This will allow examina-

tion of the contention that political indicators are likely

to precede military ones, and thus increase the time to

analyze and prepare for important international events

and crises. The second enhancement concerns further

development of the automated I&W component of the

system. For example, in addition to the present capabil-

The Executive Aids for Crisis Management

The Executive Aids constitute the lead project on

the operations side of the Crisis Management Program.

They are addressed to the problems of lack of institu-

tional memory and information overload as well as

inability to access information and to the need for

precedents to guide option selection. The aids are

designed to answer command and operational staff

questions such as "What has been done in previous

crises of this type?" "With what success?" "What

problems are likely to be encountered in this crisis?"

The interactive computer-based aids offer a partial

solution to such problems by allowing rapid identifica-

tion and examination of crisis precedents, actions,

outcomes, and problems.

12
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Tables I and II 

word search routine that allows rapid search of more 
than 120,000 international political events exchanged 
among all countries in the world from 1966 to the 
present. It can be used to retrieve all text containing 
any combination of keywords, e.g., SALT and Cruise 
Missiles. 

Of the many coming improvements to EWAMS, 
two are highly relevant to readers of the ONR R esearch 
R eviews, particularly those attached to larger staffs. The 
first concerns possible integration of the political indica­
tor system with existing computer-based military indica­
tor systems of similar design. This will allow examina­
tion of the contention that political indicators are likely 
to precede military ones, and thus increase the time to 
analyze and prepare for important international events 
and crises. The second enhancement concerns further 
development of the automated l&W component of the 
system . For example, in addition to th~ present capabil-
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ities, threat-spreading networks will be generated, e.g., 
a North Korean and South Korean tension level of .80 
would automatically trigger an examination of relations 
between the U.S. and South Korea and the USSR and 
North Korea. Work on computer-based systems such as 
the one described here is aimed at modernizing the 
processes by which the Department of Defense conducts 
much of its business. Modernizing the Indications and 
Warning process is particularly important, given the 
improved state-of-the-art and the rath,ir poor 30-year 
track record. Yet, such systems cannot and should not 
eliminate human judgments. Experienced evaluation of 
statistical data is essential to the warning process. The 
computer makes statistical data more easily accessible 
to the analyst and provides a flexible means of analyzing 
and displaying information relevant to national security , 
as an aid to conceptualization and interpretation. The 
executive aids for crisis management, to which we now 
turn, can also offer such assistance. 

The Executive Aids for Crisis Management 

The Executive Aids constitute the lead project on 
the operations side of the Crisis Management Program. 
They are addressed to the problems of lack of institu­
tional memory and information overload as well as 
inability to access informat ion and to the need for 
precedents to guide option selection. The aids are 
designed to answer command and operational staff 
questions such as "What has been done in previous 
crises of this type?" "With what success?" "What 
problems are likely to be encountered in this crisis?" 
The interactive computer-based aids offer a partial 
solution to such problems by allowing rapid identifica­
tion and examination of crisis precedents, actions, 
outcomes, and problems. 
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These capabilities are founded on the aid's data

bases that consist of the actions, objectives, problems en-

countered, and characteristics of crisis in which the U.S.,

Soviets, or Chinese were involved since World War II.

The respective numbers of cases are currently 324; 386;

and 386. While Figures 12 through 14 are focused on

the three components of the U.S. aid, parallel systems

exist for the Soviets and Chinese. The aids run on both

a portable desk-type Tektronix 4051 with graphics

display and a PDP 11/70 minicomputer. The output

in Figures 15 and 16 is taken directly from the terminal

screen. The Angola output illustrates how the aids can

assist crisis managers under severe time pressure in

generation of action alternatives, analysis of crisis

precedents and suggestion of Command objectives. The

existence of the Soviet and Chinese aids, not shown

here, permit ready comparison with U.S. perspectives.

While the aids enable crisis managers to sort, assem-

ble, and analyze data very rapidly and in preliminary

performance tests have increased the range of option

generation and evaluation by nearly 100% and reduced

precedent search time by at least 50%, they are still

essentially descriptive. However, ongoing research in

two areas promises to enhance their prescriptive nature.

The first is a Problem Forecaster aimed at assisting

operators in anticipating problems to be encountered in

a crisis. Founded on the problem sections of the three

superpower crisis data bases, research is on-going to:

(1) forecast problem occurrences from categories of

crises; (2) help the operator anticipate problems likely

to arise on, e.g., day 15 of a crisis given its characteristics

earlier in the conflict.^

The second focuses on one of the most important

aspects of crisis management that has, heretofore, seen

relatively little research — the assessment of crisis out-

comes. This research area is characterized by analyti-

cal questions that are much more difficult than those

encountered in examining characteristics of crises and

the actions, objectives, and problems encountered in the

process of crisis management. The objective and system-

atic assessment of crisis outcomes permits moving

beyond descriptive analyses of crisis actions to deter-

mine what types of actions are more or less effective

in particular types of crises situations.

Figure 12

Actions/Objectives Crisis Management

Decision Aid

This section is designed to assist Department of

Defense personnel in evaluating proposed courses

of action and sets of U.S. Objectives based on data

from 101 crises involving the United States between

1956-1976.

The user is given three levels of analytic assistance:

1. The capacity to search for historical cases

with sets of user-specified U.S. actions or

objectives.

2. The capacity to identify, across all cases,

those actions that have historically been

most strongly associated with each objective

selected by the program-user;

3. The capacity to identify, across all cases,

those actions that have historically been

most commonly associated with sets of U.S.

objectives selected by the program-user.

Would you like to see a summary of another system

section?

Press 'Y' or 'N' and 'Return'.

Y

Enter T, 'II', or 'III'.

II

Spring 1980
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These capabilities are founded on the aid's data 
bases that consist of the actions, objectives, problems en­
countered , and characteristics of crisis in which the U.S., 
Soviets, o r Chinese were involved since World War II. 5 

The respective numbers of cases are currently 324; 386; 
and 386. While Figures 12 through I 4 are focused on 

the three components of the U.S. aid , parallel systems 
exist for the Soviets and Chinese. The aids run on both 
a portable desk-type Tektronix 405 1 with graphics 
display and a PDP 11 /70 minicomputer. The output 
in Figures I 5 and 16 is taken directly from the terminal 
screen. The Angola output illustrates how the aids can 
assist crisis managers under severe time pressure in 
generation of action alternatives, analysis of crisis 
precedents and suggestion of Command objectives. The 
existence of the Soviet and Chinese aids, not shown 
here, permit ready comparison with U.S. perspectives. 

While the aids enable crisis managers to sort, assem­
ble, and analyze data very rapidly and in preliminary 
performance tests have increased the range of option 
gene ration and eval uation by nearly I 00% and reduced 
precedent search time by at least 50%, they are still 
essentially descriptive. However, ongoing research in 
two areas promises to enhance their prescriptive nature. 

The first is a Problem Forecaster aimed at assisting 
operators in anticipat ing problems to be encountered in 
a crisis. Founded on the problem sections of the three 
superpower crisis data bases, research is on-going to: 
( 1) forecast problem occurrences from categories of 
crises; (2) help the operator anticipate problems likely 
to arise on , e.g., day IS of a crisis given its characteristics 
earlier in the conflict.6 

The second focuses on one of the most important 
aspects of c risis management that has, heretofore , seen 
relative ly little research - the assessment of crisis out­
comes. This research area is characterized by analyti­
cal questions that are much more difficult than those 
encountered in examining characteristics of crises and 
the act ions, objec tives, and problems encountered in the 

process of crisis management. The objective and system­
atic assessment of c risis outcomes permits moving 
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beyond descriptive analyses of crisis actions to de ter­
mine what types of actions are more or less effec tive 
in particular types of crises situations. 

Actions/Objectives Crisis Management 
Decision Aid 

This section is designed to assist Department of 
Defense personnel in evaluating proposed courses 
of action and sets of U.S. Objectives based on data 
from 101 crises involving the United States between 
1956-1976. 

The user is given three levels of analytic assistance: 

1. The capacity to search for historical cases 
with sets of user-specified U.S. actions or 
objectives. 

2. The capacity to identify, across all cases, 
those actions that have historically been 
most strongly associated with each objective 
selected by the program-user; 

3. The capacity to identify, across all cases, 
those actions that have historically been 
most commonly associated with sets of U.S. 
objectives selected by the program-user. 

Would you like to see a summary of another system 
section? 

Press 'Y' or 'N' and 'Return '. 
y 

Enter 'I', ' II ', or 'Ill'. 
II 
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Crisis Management Problem Analyzer

This section permits a detailed examination of

management problems encountered in 41 selected

cases (1956-1976).

Major problem categories are:

1. System-related delays in decision-making

2. System/procedural constraints on actions

3. Legal issues involved

4. Resources inadequate for decision-making/

action

5. Intelligence failures at decision-making level

6. Emotion/ideological issues involved in

decisions

7. Interpersonal factors in decision-making

8. Prolonged crisis problems

9. Problems in selecting action personnel

10. Constraints on operations

11. Physiological problems for operating forces

12. Information failures by operating forces

13. Failures in taking appropriate/timely action

14. Forstat problems

15. Problems in the operating environment

16. General problems in crisis planning

17. General problems in crisis handling

18. General problems in crisis timing

Would you like to see a summary of another system

section?

Press 'Y' or 'N' and 'Return'.

Y

Enter 'I', T, or 'III'.

Ill

Figure 13

The technical approach being followed in this on-

going research consists of the following:7

• The articulation of a set of goals or objectives

for the Soviets and the U.S.

• The identification of crisis outcomes and the

development of methodologies to measure

them

• Specification of the time periods to be used to

deal with short-term (immediate crisis after-

math) and longer-term consequences of the

crises

• Development of operational criteria for the

comparison of goals and outcomes, to assess

the extent to which the Soviets and the U.S.

Crisis Descriptor

This section provides access to information on 307

crises (1946-1976). The data may be searched for

cases matching the user's specifications, or a full

description may be printed for any selected case.

Categories of information coded for each crisis are:

Year and brief description

Location of crisis

Nature or pre-crisis activity

Duration of pre-crisis period

Scope of crisis (domestic or international)

Nature of crisis (military, political, both)

Crisis duration

Timing of crisis resolution

Crisis outcome

Anticipation of crisis

Degree of threat to U.S. interests

Timing of threat development

Time available for decision

Sizes of participants/degree of U.S. interests

U.S. response/participation

U.S. objectives

Nuclear/non-nuclear implications

Would you like to see a summary of another system

section?

Press 'Y' or 'N' and 'Return'.

N

Figure 14

•K M7S ANGOLAN CIVIL WAR

SYSTEM-RELATED DELAYS IN DECISION-MAKING ACTION

1- DELAYED DECISION ON ACTION

3. EXTENSIVE INTER-AGENCY COORDINATION REQUIRED FOR ACTION

SYSTEM/PROCEDURAL CONSTRAINTS ON ACTIONS

1. CONSTRAINTS ON MILITARY ACTION

10. CONSIDERATION OF U-S. DOMESTIC IMPACT

11. CONSIDERATION OF INTERNATIONAL RELATIONS

12. PROPOSED ACTION PRODUCES DOMESTIC POLICY CONFLICT

13. PROPOSED ACTION PRODUCES FOREIGN POLICY CONFLICT

LEGAL ISSUES INVOLVED

14. LEGALITY OF PROPOSED ACTION IS AN ISSUE

RESOURCES INADEflUATE FOR DECISION-MAKING/ACTION

14- INABILITY TO PROVIDE ADDITIONAL LOGISTICAL SUPPORT

EMOTIONAL/IDEOLOGICAL ISSUES INVOLVED IN DECISION-MAKING

PRESS {RETURN} TO CONTINUE

Figure 15
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Crisis Management Problem Analyzer 

This section permits a detailed examination of 
management problems encountered in 41 selected 
cases {1956-1976). 

Major problem categories are: 

1. System-related delays in decision-making 
2. System/procedural constraints on actions 
3. legal issues involved 
4. Resources inadequate for decision-making/ 

action 
5. Intelligence failures at decision-making level 
6. Emotion/ideological issues involved in 

decisions 
7. Interpersonal factors in decision-making 
8. Prolonged crisis problems 
9. Problems in selecting action personnel 

10. Constraints on operations 
11. Physiological problems for operating forces 
12. Information failures by operating forces 
13. Failures in taking appropriate/timely action 
14. Forstat problems 
15. Problems in the operating environment 
16. General problems in crisis planning 
17. General problems in crisis handling 
18. General problems in crisis timing 

Would you like to see a summary of another system 
section? 

Press 'Y' or 'N' and 'Return'. 
y 

Enter 'I', ' I', or ' Ill'. 
Ill 

Figure 13 

The technical approach being followed in this on­
going research consists of the following: 7 

14 

• The articulation of a set of goals or objectives 
for the Soviets and the U.S. 

• The identification of crisis outcomes and the 
development of methodologies to measure 
them 

• Specification of the time periods to be used to 
deal with short-term (immediate crisis after­
math) and longer-term consequences of the 
crises 

• Development of operational criteria for the 
comparison of goals and outcomes, to assess 
the extent to which the Soviets and the U.S. 

Digitized by Go gle 

Crisis Descriptor 

This section provides access to information on 307 
crises ( 1946-1976). The data may be searched for 
cases matching the user's specifications, or a full 
description may be printed for any selected case. 

Categories of information coded for each crisis are: 
• Year and brief description 
• Location of crisis 
• Nature or pre-crisis activity 
• Duration of pre-crisis period 
• Scope of crisis {domestic or international) 
• Nature of crisis {military, political, both) 
• Crisis duration 
• Timing of crisis resolution 
• Crisis outcome 
• Anticipation of crisis 
• Degree of threat to U.S. interests 
• Timing of threat development 
• Time available for decision 
• Sizes of participants/degree of U.S. interests 
• U.S. response/participation 
• U.S. objectives 
• Nuclear /non-nuclear implications 

Would you like to see a summary of another system 
section? 

Press 'Y' or 'N' and 'Return'. 
N 

Figure 14 

Figure 15 
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Future Crisis Management Research

22. CRISIS ACTIONS AFFECTED BY IDEOLOGICAL ISSUES

23. CRISIS ACTIONS AFFECTED BY EIWTIONAL ISSUES

INTERPERSONAL FACTORS IN DECISION-MAKING

25. PRESS RELATIONS/PUBLIC INFORMATION SIGNIFICANT FACTORS

FORSTAT PROBLEMS

57. AVAILABILITY OF EfiUIPMENT

GENERAL PROBLEMS IN CRISIS PLANNING

bS- NO APPROPRIATE PLANS READY FOR CRISIS CONTINGENCY

GENERAL PROBLEMS IN CRISIS HANDLING

M- SITUATION RECOGNIZED^ ACTIONS INADEQUATE

73. U-S. MILITARY INVOLVED AT ONSET

GENERAL PROBLEMS IN CRISIS TIMING

71. SITUATION DEVELOPS OVER TIME BEFORE CRISIS LEVEL IS REACHED

PRESS {RETURN} TO CONTINUE

Figure 16

achieve their goals (both long-term and short-

term) after the crisis

At the conclusion of the research, there will be a

quantified data base for the outcomes of Soviet and

U.S. crises which occurred between 1966 and 1978.

This data base will permit several kinds of analyses that

are not now possible, to include:^

• Comparative analyses of Soviet and U.S. crisis

performance (i.e., the relative extent to which

each superpower achieved certain types of goals

during the period surveyed)

• Identification of the type of outcome (for each

superpower) that are most or least often

achieved

• Assessments of the relative efficacy of actions

and combinations of actions.

While EWAMS and the Executive Aids have demon-

strated the utility to DoD of a marriage of computers

and basic quantitative social science research, there is

much yet to be done — and the revolution in computer

science will determine the offspring of the merger. While

some of the following brief discussion of the future of

crisis management research may seem bizarre, it focuses

merely on the near-term and eminently feasible.**

On today's drawing boards is a whole new set of

ideas designed to make the crisis manager more efficient

than he is now. Some of these ideas include teleconfer-

encing, spatial data management, computerized

inference-making via new advances in artificial intelli-

gence, computerized group decision-making, and "intelli-

gent" monitoring and warning systems.

While teleconferencing is not new, it has yet to be

perfected into actual use. Within the next decade, how-

ever, we can expect decisions to be teleconferenced

routinely. Communications will permit instant visual

and audio contact. Computer programs will instan-

taneously translate even the most bizarre languages, and

gestures and nuances will also be immediately inter-

preted and communicated. The applications will range

from within-group consultation to high-level interna-

tional negotiations. Individuals and groups will tele-

conference within the teleconferences and command

computer slaves to provide them with information and

even judgments.

When individuals attempt to retrieve or manipulate

information (data, to the researcher) they will not use

a conventional alphanumeric keyboard. They will

instead enter their own personalized electronic work

spaces. These work spaces will display information in

wnmim I;
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Figure /6 

achieve their goals (both long-term and short­
term) after the crisis 

At the conclusion of the research, there will be a 
quantified data base for the outcomes of Soviet and 
U.S. crises which occurred between 1966 and 1978. 
This data base will permit several kinds of analyses that 
are not now possible, to include: 7 

• Comparative analyses of Soviet and U.S. crisis 
performance (i.e., the relative extent to which 
each superpower achieved certain types of goals 
during the period surveyed) 

• Identification of the type of outcome (for each 
superpower) that are most or least often 
achieved 

• Assessments of the relative efficacy of actions 
and combinations of actions . 
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Future Crisis Management Research 

While EWAMS and the Executive Aids have demon­
strated the utility to DoD of a marriage of computers 
and basic quantitative social science research, there is 
much yet to be done - and the revolution in computer 
science will determine the offspring of the merger. While 
some of the following brief discussion of the future of 
crisis management research may seem bizarre, it focuses 
merely on the near-term and eminently feasible.8 

On today's drawing boards is a whole new set of 
ideas designed to make the crisis manager more efficient 
than he is now. Some of these ideas include teleconfer­
encing, spatial data management, computerized 
inference-making via new advances in artificial in telli­
gence, computerized group decision-making, and "intelli­
gent" monitoring and warning systems. 

While teleconferencing is not new, it has yet to be 
perfected into actual use. Within the next decade, how­
ever, we can expect decisions to be teleconferenced 
routinely. Communications will permit instant visual 
and audio contact. Computer programs will instan­
taneously translate even the most bizarre languages, and 
gestures and nuances will also be immediately inter­
preted and communicated. The applications will range 
from within-group consultation to high-level interna­
tional negotiations. Individuals and groups will tele­
conference within the teleconferences and command 
computer slaves to provide them with information and 
even judgments. 

When individuals attempt to retrieve or manipulate 
information (data, to the researcher) they will not use 
a conventional alphanumeric keyboard. They will 
instead enter their own personalized electronic work 
spaces. These work spaces will display information in 
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a variety of forms. They will talk to the user and help

him to get what he wants. The user, in turn, will talk

with the information and direct its activities. While all of

this may sound unbelievable, a prototype SDMS (Spatial

Data Management System) is now operational at the

Massachusetts Institute of Technology.

Such management systems will have unique capa-

bilities. They will not only be capable of graphic data

retrieval and manipulation, but will also perform "intelli-

gent" tasks. They will be able to discuss philosophy,

to reason, and to entertain. They will be excellent

inference drawers. From abstract or substantive knowl-

edge bases, they will be able to interpret events for us

and recommend courses of action. They will understand

what they hear and read (at inhuman rates of speed),

reason clearly, and assume various decision-making

roles.

Groups no longer labor over (crisis) management

decision-making issues irrelevant to the group's preferred

decision outcome. Members of the group who disagree

will be invited to discuss the disagreement without dis-

rupting the rest of the group and profiles of "conser-

vative," "stubborn," and "free-wheeling" decision-

makers will be quickly and routinely drawn. Decision-

makers will thus know to whom to give power and who

to avoid. Efficiency should increase by orders of

magnitude.

Decision-makers will also rely upon "intelligent"

monitoring and warning systems based on the primitive

automated one discussed above. Such systems will

automatically and incessantly monitor all of the inter-

actions among all of the world's actors. Economic

activity will be tracked and correlated with political,

military, social, religious, and cultural activity. Searches

will occur automatically as will other intelligent systems.

International threats will be monitored routinely and

threat networks developed before and as danger ap-

proaches. The management system will then be activated

and, hopefully, crises will be averted. ■

Footnotes

1 See DARPA/Human Resources Research Office (1973)

and DARPA/Cybernetics Technology Office (1976).

2 For elaboration on this see Andriole, Daly, and Wittmeyer

(1978) .

3 For details on the methodology underlying alert lists, see

Rossa (1979) and Hopple, Rossa, and Bell (1979).

4 This section borrows heavily from International Public

Policy Research Corporation (1979).

5 For more detail on the Executive Aids, see CACI, Inc.

(1979) .

6 For details see CACI (1978).

7 This borrows heavily from and is elaborated on in

Mahoney (1978).

8 For a discussion of more futuristic research, see Andriole

(1978).
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a variety of forms. They will talk to the user and help 
him to get what he wants. The user, in turn, will talk 
with the information and direct its activities. While all of 
this may sound unbelievable, a prototype SDMS (Spatial 
Data Management System) is now operational at the 
Massachusetts Institute of Technology. 

Such management systems will have unique capa­
bilities. They will not only be capable of graphic data 
retrieval and manipulation, but will also perform "intelli­
gent" tasks. They will be able to discuss philosophy, 
to reason, and to entertain. They will be excellent 
inference drawers. From abstract or substantive knowl­
edge bases, they will be able to interpret events for us 
and recommend courses of action. They will understand 
what they hear and read (at inhuman rates of speed), 
reason clearly, and assume various decision-making 
roles. 

Groups no longer labor over (crisis) management 
decision-making issues irrelevant to the group's preferred 
decision outcome. Members of the group who disagree 

will be invited to discuss the disagreement without dis­
rupting the rest of the group and profiles of "conser­
vative," "stubborn," and "free-wheeling" decision­
makers will be quickly and routinely drawn. Decision­
makers will thus know to whom to give power and who 
to avoid. Efficiency should increase by orders of 
magnitude. 

Decision-makers will also rely upon "intelligent" 
monitoring and warning systems based on the primitive 
automated one discussed above. Such systems will 
automatically and incessantly monitor all of the inter­
actions among all of the world's actors. Economic 
activity will be tracked and correlated with political, 
military, social, religious, and cultural activity. Searches 
will occur automatically as will other intelligent systems. 
International threats will be monitored routinely and 
threat networks developed before and as danger ap­
proaches. The management system will then be activated 
and, hopefully, crises will be averted. ■ 

Footnotes 

1 See DARPA/Human Resources Research Office (1973) 
and DARPA/Cybernetics Technology Office (I 976). 

1 For elaboration on this see Andriole, Daly, and Wittmeyer 
(1978). 

'For details on the methodology underlying alert lists, see 
Rossa (1979) and Hopple, Rossa, and Bell (1979). 

4 This section borrows heavily from International Public 
Policy Research Corporation (1979). 

5 For more detail on the Executive Aids, see CACI, Inc. 
(1979). 

• For details see CACI (1978). 
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' This borrows heavily from and is elaborated on in 
Mahoney (1978). 

3 For a discussion of more futuristic research, see Andriole 
(1978). 
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Captain C. Robert Valeri, MC, USN, is director of the

Naval Blood Research Laboratory, Boston, Massa-

chusetts, which post he assumed in 1963. Under Dr.

Valeri's direction, the Laboratory has been responsible for

some of the most important work done in the field of long-

term preservation of the cellular components of blood and
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Captain C. Robert Valeri, MC, USN, is director of the 
Naval Blood Research Laboratory, Boston, Massa­

chusetts, which post he assumed in 1963. Under Dr. 
Valeri's direction, the Laboratory has been responsible for 
some of the most important work done in the field of long­
term preservation of the cellular components of blood and 
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related aspects of medicine. The Laboratory was estab-

lished in 1956 as a naval facility supported by the Navy

Bureau of Medicine and Surgery (See page 20). Since 1978,

the Laboratory has been administered by Boston Univer-

sity under an Office of Naval Research contract.

Dr. Valeri's major scientific contributions include:

• Establishing the importance of oxygen transport

function of preserved red blood cells in the treat-

ment of patients with fixed coronary and cerebral

blood flow, hypothermic patients in hemorrhagic

shock, and patients undergoing cardiopulmonary

bypass

• Salvaging of outdated O-positive and O-negative

red blood cells by biochemical treatment prior to

freezing

• Biochemical treatment of red blood cells in order to

improve oxygen transport function after transfu-

sion into patients with normal body temperature

• Biochemical treatment of red blood cells to prepare

them for improved oxygen transport function after

transfusion into hypothermic patients undergoing

cardiopulmonary bypass and hypothermic patients

in hemorrhagic shock

• Establishing the importance of preserved human

platelets that function immediately following trans-

fusion to restore or maintain hemostatsis

• Recognizing the disease state associated with

traumatic injuries, "missing blood syndrome,"

and then developing a successful treatment for the

condition.

Dr. Valeri is the author of more than 200 scientific

publications including the book Blood Banking and the

Use of Frozen Blood Products. Another book, Hypovole-

mic Anemia of Trauma, will be published soon. He is a

member of the National Research Council Ad Hoc Com-

mittee on Red Blood Cell Preservation and a consultant to

the National Institute of Health. ■

Spring 1980

19

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r 

(U
n
iv

e
rs

it
y
 o

f 
M

a
ry

la
n
d

, 
C

o
lle

g
e
 P

a
rk

) 
o
n
 2

0
1

4
-1

0
-0

1
 2

0
:2

9
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/u
iu

g
.3

0
1

1
2

0
7

5
6

3
2

4
2

9
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le

related aspects of medicine. The Laboratory was estab­
lished in 1956 as a naval facility supported by the Navy 
Bureau of Medicine and Surgery (See page 20). Since 1978, 
the Laboratory has been administered by Boston Univer­
sity under an Office of Naval Research contract. 

Dr. Valeri's major scientific contributions include: 
• Establishing the importance of oxygen transport 

function of preserved red blood cells in the treat­
ment of patients with fixed coronary and cerebral 
blood flow, hypothermic patients in hemorrhagic 
shock, and patients undergoing cardiopulmonary 
bypass 

• Salvaging of outdated O-positive and O-negative 
red blood cells by biochemical treatment prior to 
freezing 

• Biochemical treatment of red blood cells in order to 
improve oxygen transport function after transfu­
sion into patients with normal body temperature 

• Biochemical treatment of red blood cells to prepare 
them for improved oxygen transport function after 
transfusion into hypothermic patients undergoing 
cardiopulmonary bypass and hypothermic patients 
in hemorrhagic shock 

• Establishing the importance of preserved human 
platelets that function immediately following trans­
fusion to restore or maintain hemostatsis 

• Recognizing the disease state associated with 
traumatic injuries, "missing blood syndrome," 
and then developing a successful treatment for the 
condition. 

Dr. Valeri is the author of more than 200 scientific 
publications including the book Blood Banking and the 
Use of Frozen Blood Products. Another book, Hypovole­
mic Anemia of Trauma, will be published soon. He is a 
member of the National Research Council Ad Hoc Com­
mittee on Red Blood Cell Preservation and a consultant to 
the National Institute of Health. ■ 
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Naval Laboratory:

Leader in

by

fTlark D. flltschule

Office of Naval Research

Boston Branch

The original Chelsea Naval Hospital as it was a hun-

dred and twenty-five years ago. This building remained

in use as a female dormitory until the Chelsea Naval

Hospital was disestablished. It still stands.
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Boston Bronch 

The original Chelsea Naval Hospital as it was a hun- in use as a female dormitory 1111til the Chelsea Naval 
dred and twe11ty -five years ago. This building re111ai11ed Hospital was disestablished. It still stands. 
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Dr. Altschule is emeritus clinical professor of

medicine at Harvard and former lecturer in medi-

cine at Yale University and at Boston University.

Although the author of several hundred papers on

the physiology and chemistry of disease and of

stress, his main interest is the complex interrela-

tions among bedside medicine, laboratory science,

and the social milieu in which they both

function simultaneously. He currently is on the

staff of the ONR Branch Office, Boston, working

on the biochemistry of stress, of aging, and of

alcoholism, as well as a number of historical

projects.

World War II was the first conflict in which techno-

logical advances developed by non-military estab-

lishments were used on a large scale in response to

military requirements. This was true in many fields, but

especially so in medicine. Boston University's position

among the leaders in medical research had almost

immediate effects, although regrettably not all of them

were good at first. The scientific community had yet

to learn (and still has) that scientific theory may be

a poor guide to medical practice. On the one hand, the

accomplishments of the National Academy of Sciences/

National Research Council in furthering the conquest

of infectious diseases by making available antibiotics,

antimalarials, and pesticides were notably successful.

On the other hand, some of the Council's efforts in

other directions were not, and one of these involved

the Boston academic medical community.

As America's entry in World War II became in-

creasingly likely, the National Research Council (NRC)

interested itself in the problem of shock caused by

trauma, hemorrhage, and burns. Unfortunately, their

conception was based on fragmentary data from in-

adequate observations carried out decades earlier. The

NRC Committee on Transfusion declared that the

main disorder of trauma was a loss of fluid from the

blood vessels, with the result that the blood was de-

creased in volume and increased in viscosity. The treat-

ment recommended was to give blood plasma into a

vein. These unsubstantiated conclusions were presented

in a manual distributed under the direction of the

Committee on Surgery of the Council's Division of

Medical Sciences. In the meantime Edwin J. Cohn of

Harvard University had been studying the proteins of

the blood plasma and had devele ped methods of separat-

ing and purifying them without damage. In response to a

request of the NRC, he began t. program in 1940 that led

to development of large-scale methods of separating

blood plasma and its proteins, both in solution and in

dry form, from human whole blood. From August 1941

to June 1946 this work was supported by the Office of

Scientific Research and Development (the parent Orga-

nization of ONR). Cohn's contract gave him the respon-

sibility for making chemical studies of the processes

and products, which he did with colleagues and some

contractors. Cohn was also charged with making clinical

studies, but since he was not a physician and could not

identify physicians who could properly conduct neces-

sary studies, the clinical observations were not made.

As a consequence, the U.S. Fifth Army entered the

North African campaign in 1942 with large amounts of

plasma and absolutely no facilities for blood transfusion.

(The British Army had extensive facilities for taking and

administering blood.) Another Harvard Medical profes-

sor, Edward D. Churchill, a surgeon with the Fifth

Army, soon recognized and stated the adverse effects of

using plasma when whole blood was necessary. There is

no way of knowing how many American wounded died

as a result of this example of inadequate evaluation for

clinical use of an important scientific discovery.

Cohn's group derived a number of protein products

from blood plasma that were very useful over a period

of years in a variety of medical conditions. For example,

purified plasma albumin became available for treatment

of diseases that caused serious losses of albumin from

the body. Another product was gamma globulin, a

mixture containing substances that induced a temporary

state of immunity to a number of infectious diseases and

might, therefore, be used to prevent the development
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World War II was the first conflict in which techno­
logical advances developed by non-military estab­

lishments were used on a large scale in response to 
military requirements. This was true in many fields, but 
especially so in medicine. Boston University's position 
among the leaders in medical research had almost 
immediate effects, although regrettably not all of them 
were good at first. The scientific community had yet 
to learn (and still has) that scientific theory may be 
a poor guide to medical practice. On the one hand , the 
accomplishments of the National Academy of Sciences/ 
National Research Council in furthering the conquest 
of infectious diseases by making available antibiotics, 
antimalarials, and pesticides were notably successful. 
On the other hand, some of the Council's efforts in 
other directions were not, and one of these involved 
the Boston academic medical community. 

As America's entry in World War II became in­
creasingly likely, the National Research Council (NRC) 
interested itself in the problem of shock caused by 
trauma, hemorrhage, and burns. Unfortunately, their 
conception was based on fragmentary data from in­
adequate observations carried out decades earlier. The 
NRC Committee on Transfusion declared that the 
main disorder of trauma was a loss of fluid from the 
blood vessels, with the result that the blood was de­
creased in volume and increased in viscosity. The treat­
ment recommended was to give blood plasma into a 
vein. These unsubstantiated conclusions were presented 
in a manual distributed under the direction of the 
Committee on Surgery of the Council's Division of 
Medical Sciences. In the meantime Edwin J. Cohn of 
Harvard University had been st·:dying the proteins of 
the blood plasma and had devek ped methods of separat­
ing and purifying them without damage. In response to a 
request of the NRC, he began ,. program in 1940 that led 
to development of large-scale methods of separating 
blood plasma and its proteins, both in solution and in 
dry form, from human whole blood . From August 1941 
to June 1946 this work was supported by the Office of 
Scientific Research and Development (the parent Orga­
nization of ONR). Cohn's contract gave him the respon­
sibility for making chemical studies of the processes 
and products, which he did with colleagues and some 
contractors. Colm was also charged with making clinical 
studies, but since he was not a physician and could not 
identify physicians who could properly conduct neces­
sary studies, the clinical observations were not made. 
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Dr. Altschule is emeritus clinical professor of 
medicine at Harvard and former lecturer i11 medi­
cine at Yale University and at Boston University. 
Although the author of several hundred papers on 
the physiology and chemistry of disease and of 
stress, his main interest is the complex interrela­
tions among bedside medicine, laboratory science, 
and tl,e social milieu i11 whic!, tl,ey bot/, 
j imction simultaneously. He currently is u11 the 
sraff uf the ONR Branch OJJ,ce, Busto11, working 
0 11 the biochemistry of' stress, of' aging, and of 
alcoholism, as well as a number of historical 
projects. 

As a consequence, the U.S. Fifth Army entered the 
North African campaign in I 942 with large amounts of 
plasma and absolutely no facilities for blood transfusion. 
(The British Army had extensive facilities for taking and 
administering blood.) Another Harvard Medical profes­
sor, Edward D. Churchill, a surgeon with the Fifth 
Army, soon recognized and stated the adverse effects of 
using plasma when whole blood was necessary. There is 
no way of knowing how many American wounded died 
as a result of this example of inadequate evaluation for 
clinical use of an important scientific discovery. 

Cohn's group derived a number of protein products 
from blood plasma that were very useful over a period 
of years in a variety of medical conditions. For example, 
purified plasma albumin became available for treatment 
of diseases that caused serious losses of albumin from 
the body. Another product was gamma globulin, a 
mixture containing substances that induced a temporary 
state of immunity to a number of infectious diseases and 
might, therefore, be used to prevent the development 
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of these diseases (e.g., hepatitis) in persons who were

exposed to them. Nevertheless, the goal of developing

a blood preparation or product that would specifically

counteract the effects of severe hemorrhagic shock

had eluded the investigators. The experience in combat

had shown quite clearly that, although plasma was often

useful in the immediate resuscitation of the wounded,

the specific effective treatment was the giving of red

blood cells. However, blood collected for future use

could be preserved only about three weeks. (We now

know that, although viable, blood kept for more than a

week does not provide optimal function, but that is

another story.)

At the end of World War II, Cohn created the

Protein Foundation, a non-profit organization, sup-

ported by his patents and other funds, in the continuing

study of the preparation, properties, and uses of the

blood proteins. However, the lessons clearly learned

in combat — that the definitive treatment of shock due

to hemorrhage was to give not plasma but red blood

The new Naval Blood Research Laboratory, Boston,

operates in this building donated by the New England

Nuclear Corporation. It is adjacent to the Boston

University School of Medicine on Albany Street.
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of these diseases (e.g., hepatitis) in persons who were 
exposed to them. Nevertheless, the goal of developing 
a blood preparation or product that would specifically 
counteract the effects of severe hemorrhagic shock 
had eluded the investigators. The experience in combat 
had shown quite clearly that , although plasma was often 
useful in the immediate resuscitation of the wounded , 
the specific effective treatment was the giving of red 
blood cells. However, blood collected for future use 
could be preserved only about three weeks. (We now 
know that , although viable, blood kept for more than a 

week does not provide optimal function, but that is 
another story.) 

At the end of World War II , Cohn created the 
Protein Foundation, a non-profit organization, sup­
ported by his patents and other funds , in the continuing 
study of the preparation, properties, and uses of the 
blood proteins. However, the lessons clearly learned 
in combat - that the definitive treatment of shock due 
to hemorrhage was to give not plasma but red blood 

The new Na11a/ Blood Research Laboratory, Boston, 
operates in this building donated by the New England 
Nuclear Corporation. It is adjacent to the Boston 
University School of Medicine on A /bony Street. 
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cells — was not forgotten. A number of investigators,

including Cohn's group, applied themselves to the

problem of preparing red blood cells for prolonged

preservation without causing functional deterioration.

A proposed solution of the problem was to freeze the

red blood cells, but this could be done only after sep-

arating them from the blood plasma. Cohn's group

developed a high-technology kind of cream separator

and, with this, and the development of appropriate

techniques, the situation held great promise.

Another lesson learned from the experience in

North Africa was the need to evaluate, in appropriate

clinical settings, all products or procedures designed to

treat sick persons. There was an established relation

between the Navy and Cohn's group, and it was there-

fore logical that the two should cooperate in the con-

tinuing search for methods to make blood available

to treat hemorrhage and shock. Accordingly, in 1956

the Navy established the Blood Research Laboratory

(BRL) at the Chelsea Naval Hospital, Chelsea, Massa-

chusetts, for collaboration with the Protein Founda-

tion.

The Blood Research Laboratory

The BRL was established, under the direction of

Captain Lewis L. Haynes, MC, USN, Chief of Surgery

and Executive Officer of the Chelsea Naval Hospital,

to study the clinical effectiveness of transfusions of

previously frozen human red blood cells. The red blood

cells were frozen with a high concentration of glycerol

(approximately 45 percent) by the slow freeze-thaw

technique; the Cohn Blood Fractionator was used to

add and remove glycerol. The basic studies using this

approach were carried out by the Protein Foundation,

Jamaica Plain, Massachusetts, and were sponsored by a

contract with the Office of Naval Research (ONR).

The laboratory space at Chelsea was in a stable that

had been remodeled to serve as the tool shop for the

Public Works Department. The space was renovated and

the Cohn Blood Fractionator equipment and -80°C

refrigeration units and some that maintained tempera-

tures of -30°C were installed. A three-car garage was

remodeled to serve as the storage area for the mechanical

refrigeration units. The military personnel assigned to

this laboratory were: a medical officer hematologist;

a laboratory technician, and a biochemist from the

Medical Service Corps; another laboratory technician;

and a non-graded civil service laboratory helper. The

Protein Foundation, through an ONR contract, provided

a secretary, a nurse, and three laboratory technicians

full time, in addition to consultative services of Dr.

James Tullis and other members of the Protein Founda-

tion.

The Surgical Research Laboratory at Chelsea Naval

Hospital worked in collaboration with the Blood Re-

search Laboratory. Dr. E. Watkins of the Lahey Clinic

in Boston, and Dr. W. O'Brien, a Navy surgeon at the

Surgical Research Laboratory, made measurements

of the oxygen delivery characteristics of the cells after

thawing. Changes in potassium transport during storage

were also studied. The effects of transfusions of

previously-frozen red blood cells in vascular surgery

and in extracorporeal circulation were evaluated. The

clinical experience gained between 1956 and 1962 with

over three thousand units of previously-frozen red

blood cells seemed to be favorable. In 1960 the first

frozen blood bank for rare types of red cells was es-

tablished at the Blood Research Laboratory in collabora-

tion with the American Association of Blood Banks and

the Massachusetts General Hospital of Boston. Under

this program, the Laboratory receives rare bloods for

freezing and storage, and prepares them for clinical

transfusion when required.

The technique using the Cohn Blood Fractionator

was found to the cumbersome. An attempt was made to

simplify the system by using a plastic liner to wash

the glycerolized red cells. However, the Blood Research

Laboratory in collaboration with the Protein Founda-

tion evaluated the prototype plastic liners and found

them unsatisfactory.

In 1962, Captain Haynes was transferred, and

Lieutenant Commander M. E. Henderson, MC, USN,

became director of the BRL. In July and August of

that year serious reactions were unexpectedly observed

in four patients who had received previously-frozen

red cells. These patients had hemoglobin in the urine

and developed renal failure. The hematologist assigned

to the Laboratory, Lieutenant C. Robert Valeri, MC,

USNR, studied these clinical problems. His investiga-

tions clearly revealed an immediate need to re-evaluate

methods being used to clinically test previously-frozen

red cells.

In October 1963, LCDR Henderson left the service

and LT Valeri became the Laboratory director. The

clinical problems created by transfusions of frozen red

cells were studied extensively, and the results indicated

that the most likely cause was outdated albumin

solution that was being used as the resuspension medium

for the thawed red cells.

By May 1964, bulk-volume freezing of red blood

cells with high concentrations of glycerol, using the slow

freeze-thaw technique and the Cohn Blood Fractionator,

was feasible but still cumbersome. At that time, Dr.

C. E. Huggins introduced the principle of a dilutional

wash of glycerolized red cells using a low ionic solution.

This procedure was attractive because it permitted

freezing, thawing, and washing the cells in the same
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cells - was not forgotten. A number of investigators, 
including Cohn's group, applied themselves to the 
problem of preparing red blood cells for prolonged 
preservation without causing functional deterioration. 
A proposed solution of the problem was to freeze the 
red blood cells, but this could be done only after sep­
arating them from the blood plasma. Cohn's group 
developed a high-technology kind of cream separator 
and, with this, and the development of appropriate 
techniques, the situation held great promise. 

Another lesson learned from the experience in 
North Africa was the need to evaluate, in appropriate 
clinical settings, all products or procedures designed to 
treat sick persons. There was an established relation 
between the Navy and Cohn's group, and it was there• 
fore logical that the two should cooperate in the con­
tinuing search for methods to make blood available 
to treat hemorrhage and shock. Accordingly, in 1956 
the Navy established the Blood Research Laboratory 
(BRL) at the Chelsea Naval Hospital, Chelsea, Massa­
chusetts, for collaboration with the Protein Founda­
tion. 

The Blood Research Laboratory 

The BRL was established, under the direction of 
Captain Lewis L. Haynes, MC, USN, Chief of Surgery 
and Executive Officer of the Chelsea Naval Hospital, 
to study the clinical effectiveness of transfusions of 
previously frozen human red blood cells. The red blood 
cells were frozen with a high concentration of glycerol 
(approximately 45 percent) by the slow freeze-thaw 
technique; the Cohn Blood Fractionator was used to 
add and remove glycerol. The basic studies using this 
approach were carried out by the Protein Foundation, 
Jamaica Plain , Massachusetts, and were sponsored by a 
contract with the Office of Naval Research (ONR). 

The laboratory space at Chelsea was in a stable that 
had been remodeled to serve as the tool shop for the 
Public Works Department. The space was renovated and 
the Cohn Blood Fractionator equipment and -80°C 
refrigeration units and some that maintained tempera­
tures of -30°C were installed. A three-car garage was 
remodeled to serve as the storage area for the mechanical 
refrigeration units. The military personnel assigned to 
this laboratory were: a medical officer hematologist; 
a laboratory technician, and a biochemist from the 
Medical Service Corps; another laboratory technician; 
and a non-graded civil service laboratory helper. The 
Protein Foundation, through an ONR contract, provided 
a secretary, a nurse, and three laboratory technicians 
full time, in addition to consultative services of Dr. 
James Tullis and other members of the Protein Founda­
tion. 
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The Surgical Research Laboratory at Chelsea Naval 
Hospital worked in collaboration with the Blood Re­
search Laboratory. Dr. E. Watkins of the Lahey Clinic 
in Boston, and Dr. W. O'Brien, a Navy surgeon at the 
Surgical Research Laboratory, made measurements 
of the oxygen delivery characteristics of the cells after 
thawing. Changes in potassium transport during storage 
were also studied. The effects of transfusions of 
previously-frozen red blood cells in vascular surgery 
and in extracorporeal circulation were evaluated. The 
clinical experience gained between 1956 and 1962 with 
over three thousand units of previously-frozen red 
blood cells seemed to be favorable. In 1960 the first 
frozen blood bank for rare types of red cells was es­
tablished at the Blood Research Laboratory in collabora­
tion with the American Association of Blood Banks and 
the Massachusetts General Hospital of Boston. Under 
this program, the Laboratory receives rare bloods for 
freezing and storage, and prepares them for clinical 
transfusion when required. 

The technique using the Cohn Blood Fractionator 
was found to the cumbersome. An attempt was made to 
simplify the system by using a plastic liner to wash 
the glycerolized red ceJls. However, the Blood Research 
Laboratory in collaboration with the Protein Founda­
tion evaluated the prototype plastic liners and found 
them unsatisfactory. 

In 1962, Captain Haynes was transferred, and 
Lieutenant Commander M. E. Henderson, MC, USN, 
became director of the BRL. 1n July and August of 
that year serious reactions were unexpectedly observed 
in four patients who had received previously-frozen 
red cells. These patients had hemoglobin in the urine 
and developed renal failure. The hematologist assigned 
to the Laboratory, Lieutenant C. Robert Valeri, MC, 
USNR, studied these clinical problems. His investiga­
tions clearly revealed an immediate need to re-evaluate 
methods being used to clinically test previously-frozen 
red cells. 

In October 1963, LCDR Henderson left the service 
and LT Valeri became the Laboratory director. The 
clinical problems created by transfusions of frozen red 
cells were studied extensively, and the results indicated 
that the most likely cause was outdated albumin 
solution that was being used as the resuspension medium 
for the thawed red cells. 

By May 1964, bulk-volume freezing of red blood 
cells with high concentrations of glycerol, using the slow 
freeze-thaw technique and the Cohn Blood Fractionator, 
was feasible but still cumbersome. At that time, Dr. 
C. E. Huggins introduced the principle of a dilutional 
wash of glycerolized red cells using a low ionic solution. 
This procedure was attractive because it permitted 
freezing, thawing, and washing the cells in the same 
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plastic container. BRL began evaluation of this new

method of removing glycerol from red blood cells.

In July 1965, the Blood Research Laboratory was

officially severed from the Protein Foundation. With

this separation the Laboratory received Civil Service

billets for a secretary and two laboratory technicians

and, on September 23, 1965, became the Naval Blood

Research Laboratory (NBRL). The mission of this new

sample is then reinfused as the test

transfusion.

3. Clinical observations of full-unit

homologous transfusions to stable, ane-

mic medical patients who needed blood.

4. Clinical observations of multiple

homologous transfusions to surgical recip-

ients after operations of various types.

Laboratory was to serve as the official test and evalua-

tion center for blood and blood products for the Navy's

Bureau of Medicine and Surgery (BUMED). The mili-

tary complement was an officer-in-charge, assistant

medical officer, two Medical Service Corps officers, and

three laboratory technicians.

Freezing Red Cells

In 1966 the NBRL developed a systematic approach

to the clinical evaluation of the preserved red cells as

follows:

1. In vitro testing to establish opti-

mum conditions for recovery of thawed

previously-frozen red cells with removal

of the additive (glycerol) and of the

products of hemolysis.

2. In vivo observations of the

survival of 10-ml aliquot transfusions

of the subject's own preserved red cells

to healthy volunteers. In this procedure

full units of blood are collected, pre-

served, and prepared for transfusion.

A 10-ml radio-active chromium-labeled

Clycerolizing red blood cells.

The studies made in the NBRL showed that freezing

red cells by the Huggins technique was good enough to

justify a feasibility study in combat zones in Vietnam

to evaluate the practicality of a frozen-blood bank

system as a supplement to the ordinary liquid-

preservation program. The frozen red blood cells were

collected principally in the Boston area in collabora-

tion with Dr. C. E. Huggins at the Massachusetts General

Hospital and Dr. A. Kliman at the Massachusetts Red

Cross. Selected red cells were frozen in Boston and

shipped in dry ice (at -80°C) first to Oakland, Califor-

nia, and then to Danang, South Vietnam, at the Naval

Support Activity Hospital, or to the hospital ship

USS Repose. The military personnel assigned to those

special units in the combat zone had been trained or

had worked at the NBRL. Funding for the units was

provided by the BUMED. The evaluation of frozen

blood at Danang was performed by Captain C. E.

Brodine, MC, USN, the coordinator of the U.S. Navy's

Blood Program, and by Lieutenant Commander C. S.

Moss, MC, USNR. Frozen blood that had been stored

at -80°C for less than one year was given in multiple-
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plastic container. BRL began evaluation of this new 
method of removing glycerol from red blood cells. 

In July 1965, the Blood Research Laboratory was 
officially severed from the Protein Foundation. With 
this separation the Laboratory received Civil Service 
billets for a secretary and two laboratory technicians 
and, on September 23, 1965, became the Naval Blood 
Research Laboratory (NBRL). The mission of th.is new 

.,. 

I.. ,~,. -

t .• j,~~~ 
• 

Laboratory was to serve as the official test and evalua­
tion center for blood and blood products for the Navy's 
Bureau of Medicine and Surgery (BUMED). The mili­
tary complement was an officer-in-charge, assistant 
medical officer. two Medical Service Corps officers, and 
three laboratory technicians. 

Freezing Red Cells 

In 1966 the NBRL developed a systematic approach 
to the clinical evaluation of the preserved red cells as 
follows: 

24 

1. In vitro testing to establish opti­
mum conditions for recovery of thawed 
previously-frozen red cells with removal 
of the additive (glycerol) and of the 
products of hemolysis. 

2 . /11 vivo observations of the 
survival of 10-ml aliquot transfusions 
of the subject's own preserved red cells 
to healthy volunteers. In this procedure 
full units of blood are collected, pre­
served, and prepared for transfusion. 
A I 0-ml radio-active chromium-labeled 

Digtizedby Go gle 

sample is then reinfused as the test 
transfusion. 

3. Clinical observations of full-unit 
homologous transfusions to stable, ane­
mic medical patients who needed blood. 

4 . Clinical observations of multiple 
homologous transfusions to surgical recip­
ients after operations of various types. 

-

C/ycerolizing red blood cells. 

The studies made in the NBRL showed that freezing 
red cells by the Huggins technique was good enough to 
justify a feasibility study in combat zones in Vietnam 
to evaluate the practicality of a frozen-blood bank 
system as a supplement to the ordinary liquid­
preservation program. The frozen red blood cells were 
collected principally in the Boston area in collabora­
tion with Dr. C. E. Huggins at the Massachusetts General 
Hospital and Dr. A. Kliman at the Massachusetts Red 
Cross. Selected red cells were frozen in Boston and 
shipped in dry ice (at - 80°C) first to Oakland, Califor­
nia , and then to Danang, South Vietnam, at the Naval 
Support Activity Hospital, or to the hospital ship 
USS Repose. The military personnel assigned to those 
special units in the combat zone had been trained or 
had worked at the NBRL. Funding for the units was 
provided by the BUMED. The evaluation of frozen 
blood at Danang was performed by Captain C. E. 
Brodine, MC, USN, the coordinator of the U.S. Navy's 
Blood Program, and by Lieutenant Commander C. S. 
Moss, MC, USNR. Frozen blood that had been stored 
at - 80°C for less than one year was given in multiple-
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unit transfusion (10 or more) to seriously wounded

servicemen. The effects were carefully studied to eval-

uate the safety and efficacy of these transfusions, and

the results conclusively demonstrated the feasibility

of a frozen-blood bank in a combat zone. The blood so

processed was shown to be safe and efficacious.

Because of the success with this initial experience

between January and July 1966, frozen-blood banks

blood; the in vitro loss of red cells during processing

(approximately 23-25 percent); and the excessive time

required (approximately 50 minutes).

However, it was concluded that the clinical results

of the transfusions to seriously wounded servicemen

were highly satisfactory and that the Huggins freeze-

preservation system was a useful supplement to the

liquid blood program. It should be noted that at the

Equipment to measure recovery and function of red blood cells

were subsequently established aboard the newly commis-

sioned USS Sanctuary in February 1967 and at Clark

Air Force Base in the Philippines. The U.S. Air Force

collaborated with the Navy's effort to establish frozen-

blood banks by providing the support to trans-

port necessary materials from Clark to Danang. A

frozen-blood bank was established at Clark primarily to

evaluate a frozen-blood product in a hemodialysis pro-

gram which was being carried out at that hospital for the

treatment of kidney failure that sometimes followed

trauma.

With the increased number and activity of frozen-

blood banks in South Vietnam, procurement of ade-

quate amounts of selected red cells became more diffi-

cult. Facilities to collect and freeze red cells were

established at Oakland Naval Hospital, Oakland, Califor-

nia, under the direction of Captain David Rulon, MC,

USN, and then at the Naval Medical School, Bethesda,

Maryland. With the growth of the frozen-blood bank

program, the storage capabilities at Danang and Oakland

were increased.

The feasibility study demonstrated that the Huggins

technique for freezing red cells, while acceptable, had

several disadvantages: namely, the large volume of wash

solution (6.7 liters) required to prepare one unit of

beginning of the feasibility study (January 1966) the

quantity of liquid blood in Vietnam was relatively

small compared to the quantity available in June of

1967. Because of the deterioration of Huggins-preserved

red cells stored at -80°C for longer than one and one-

half years, the frozen-blood banks were removed from

the Santuary and Repose and from Danang.

Red Cell Research Continues

During the mid- to-late sixties the Naval Blood

Research Laboratory contributed significantly to the

establishment of methods of measuring the survival

of red cells and of determining the usefulness of in

vitro testing to help predict the post-transfusion survival

of preserved red cells. Various in vitro biochemical

measurements made on the stored blood cells (ATP,

ADP, AMP, total nucleotide pool, glutathione level,

glutathione stability, hexokinase level, glucoses-

phosphate dehydrogenase level, and glutathione re-

ductase level) and various physical and structural mea-

surements (red cell indices, density distribution of the

red cells, osmotic fragility and lipid content) have been

shown to be related to post-transfusion survival of
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unit transfusion (IO or more) to seriously wounded 
servicemen. The effects were carefully studied to eval­
uate the safety and efficacy of these transfusions, and 
the results conclusively demonstrated the feasibility 
of a frozen-blood bank in a combat zone . The blood so 
processed was shown to be safe and efficacious. 

Because of the success with this initial experience 
between January and July 1966, frozen-blood banks 

blood; the in vitro loss of red cells during processing 
(approximately 23-25 percent); and the excessive time 
required (approximately SO minutes). 

However, it was concluded that the clinical results 
of the transfusions to seriously wounded servicemen 
were highly satisfactory and that the Huggins freeze­
preservation system was a useful supplement to the 
liquid blood program. It should be noted that at the 

Equipment to measure recovery and function of red blood cells 

were subsequently established aboard the newly commis­
sioned USS Sanctuary in February 1967 and at Clark 
Air Force Base in the Philippines. The U.S. Air Force 
collaborated with the Navy's effort to establish frozen­
blood banks by providing the support to trans­
port necessary materials from Clark to Danang. A 
frozen-blood bank was established at Clark primarily to 
evaluate a frozen-blood product in a hemodialysis pro­
gram which was being carried out at that hospital for the 
treatment of kidney failure that sometimes followed 
trauma. 

With the increased number and activity of frozen­
blood banks in South Vietnam, procurement of ade­
quate amounts of selected red cells became more diffi­
cult. Facilities to collect and freeze red cells were 
established at Oakland Naval Hospital , Oakland, Califor­
nia , under the direc tion of Captain David Rulon, MC, 
USN, and then at the Naval Medical School, Bethesda, 
Maryland. With the growth of the frozen-blood bank 
program , the storage capabilities at Danang and Oakland 
were increased. 

The feasibility study demonstrated that the Huggins 
technique for freezing red cells, while acceptable, had 
several disadvantages: namely, the large volume of wash 
solution (6.7 liters) required to prepare one unit of 
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beginning of the feasibility study (January 1966) the 
quantity of liquid blood in Vietnam was relatively 
small compared to the quantity available in June of 
1967. Because of the deterioration of Huggins-preserved 
red cells stored at -80°C for longer than one and one­
half years, the frozen-blood banks were removed from 
the Santuary and Repose and from Danang. 

Red Cell Research Continues 

During the mid- to-late sixties the Naval Blood 

Research Laboratory contributed significantly to the 
establishment of methods of measuring the survival 
of red cells and of determining the usefulness of in 
vitro testing to help predic t the post-transfusion survival 
of preserved red cells. Various in vitro biochemical 
measurements made on the stored blood cells (ATP, 
ADP, AMP, total nucleotide pool, glutathione level, 
glutathione stability , hexokinase level, g)ucose-6-
phosphate dehydrogenase level, and g)utathione re­
ductase level) and various physical and structural mea­
surements (red cell indices, density distribution of the 
red cells, osmotic fragility and lipid content) have been 
shown to be related to post-transfusion survival of 
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preserved red cells. Irreversibly damaged red cells are

removed by the patient's body mechanisms following

transfusion and this immediate loss can be detected

only if independent measurements of the red cells

of both recipient and donor are made at the time of the

transfusion. This was possible through an ONR contract

with Boston University. Dr. Charles P. Emerson per-

formed the manual differential agglutination studies,

while Dr. Irma 0. Szymanski, a research associate at

the University, measured the survivals in a device called

an Autoanalyzer. The automated differential agglutina-

tion technique permits the simultaneous measurement

of two red cell populations in the same person and

permits the comparison of different methods of blood

cell preservation in the same recipient. The different

methods of preserving liquid-collected and-stored red

cells and of freezing red cells (i.e., Cohn method,

Huggins method, Pert-Krijnen-Rowe method, or other)

have been evaluated by this approach.

An evaluation of previously-frozen red cells in

extracorporeal circulation during cardiac surgery has

been undertaken in collaboration with Boston University

through the same ONR contract.

To physicians at the Chelsea Naval Hospital, where

306 severely wounded Marines were sent for treatment,

the Vietnam conflict meant accelerated investigations

into new treatments of battle-related injuries. This led

to developments that also threw light on some old

medical problems, with ultimate benefits not only to

military personnel but to thousands of civilians. The

Marines, who had serious and poorly-healed wounds

in one or more extremities had been quickly taken to

an aid station where bleeding was stopped and their

blood loss corrected by transfusion. A puzzling finding

came to light. Many of these young men belonged to

the "Over Eighty Club;" that is, each had received over

80 units of blood to restore circulation to what appeared

to be a normal state. This was puzzling because the

normal blood volume is nine pints, and a significant

number of the more than 80 pints transfused to these

patients actually had been given after the bleeding had

stopped. What had happened to this blood? It seemed

to have vanished. What was the clinical significance of

the "Missing Blood Symdrome?"

These questions, as well as the logical third one,

"What to do about it?" were answered by the Naval

Blood Research Laboratory. Dr. P. Biron of the Ortho-

pedic Service at Chelsea observed that the usual treat-

ment of wounds of the type discussed here was not

producing the expected results. The process, debride-

ment, is designed to remove the dead tissue and stimu-

late the growth of new tissue. The patient was given an

anesthetic, and the minor procedure should not have

created any difficulty. However, many of the Marines

so treated had a life-threatening reaction, cardiovascular

collapse. The initial impression was that the patients

must have a reduced blood volume. But how could that

be possible after so many transfusions? Moreover, the

usual tests for anemia, the blood hemoglobin and

hematocrit levels, were normal. LCDR Valeri was

consulted, since the NBRL was equipped to make

the appropriate tests. Blood volumes were studied

and found to be low, sometimes by as much as 40

percent. The NBRL had the task of discovering why

recipients with chronic wounds of the extremities

destroyed transfused blood and why this phenomenon

had not been recognized earlier. Valeri's extensive

studies of the survival of transfused blood in wounded

men made it possible for him to devise a cure for the

syndrome—frequent transfusions to maintain normal

red cell volume. This treatment greatly improved the

health of the patients—wounds healed, appetite in-

creased, moods became cheerful. Although the problem

of the "Missing-Blood Syndrome" is still not completely

solved, this contribution to the general medicine of

trauma will soon be published in monograph form. It

should be noted that, whereas the studies made at

Chelsea defined the mechanisms responsible for the

disorder and indicated its treatment, they did not

elucidate the cause. Etiologic studies are pursued at

research institutes such as the National Institutes of

Health, where research is theory-oriented. At Chelsea,

and facilities like it, the studies have consistently been

patient-oriented.

Among practical problems studied at the NBRL

was the separation and preservation in liquid or frozen

state of the blood platelets, the blood elements essen-

tial for clotting. This can now be done, despite the

many difficulties encountered in handling these fragile

elements. This is an important contribution, for many

patients in civilian and military practice need to be

given blood platelets to overcome a deficiency of their

blood-clotting mechanisms.

Salvaging Outdated Blood

Another main effort of the Naval Blood Research

Laboratory during the past decade has been to develop

and evaluate procedures for salvaging outdated blood

stored in blood banks. It will be recalled that liquid-

stored blood must be discarded three weeks after collec-

tion in the most commonly used preservative solution

(CPD mixture). However, these red blood cells, although

able to stay alive for up to three weeks depending on the

preservative solution used, do not transport oxygen

normally after about the first week. The problem

became multifaceted, viz., to salvage outdated blood;
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preserved red cells. Irreversibly damaged red cells are 
removed by the patient's body mechanisms following 
transfusion and this immediate loss can be detected 
only if independent measurements of the red cells 
of both recipient and donor are made at the time of the 
transfusion. This was possible through an ONR contract 
with Boston University. Dr. Charles P. Emerson per­
formed the manual differential agglutination studies, 
while Dr. Irma 0. Szymanski, a research associate at 
the University, measured the survivals in a device called 
an Autoanalyzer. The automated differential agglutina­
tion technique permits the simultaneous measurement 
of two red cell populations in the same person and 
permits the comparison of different methods of blood 
cell preservation in the same recipient. The different 
methods of preserving liquid-collected and-stored red 
cells and of freezing red cells (i.e., Cohn method, 
Huggins method, Pert-Krijnen-Rowe method, or other) 
have been evaluated by this approach. 

An evaluation of previously-frozen red cells in 
extracorporeal circulation during cardiac surgery has 
been undertaken in collaboration with Boston University 
through the same ONR contract. 

To physicians at the Chelsea Naval Hospital, where 
306 severely wounded Marines were sent for treatment, 
the Vietnam conflict meant accelerated investigations 
into new treatments of battle-related inJuries. This led 
to developments that also threw light on some old 
medical problems, with ultimate benefits not only to 
military personnel but to thousands of civilians. The 
Marines, who had serious and poorly-healed wounds 
in one or more extremities had been quickly taken to 
an aid station where bleeding was stopped and their 
blood loss corrected by transfusion. A puzzling finding 
came to light. Many of these young men belonged to 
the "Over Eighty Club;" that is, each had received over 
80 units of blood to restore circulation to what appeared 
to be a normal state. This was puzzling because the 
normal blood volume is nine pints, and a significant 
number of tJ1e more than 80 pints transfused to these 
patients actually had been given after the bleeding had 
stopped . What had happened to this blood? It seemed 
to have vanished. What was the clinical significance of 
the "Missing Blood Symdrome?" 

These questions, as well as the logical third one, 
"What to do about it?" were answered by the Naval 
Blood Research Laboratory. Dr. P. Biron of the Ortho­
pedic Service at Chelsea observed that the usual treat­
ment of wounds of the type discussed here was not 
producing the expected results. The process, debride­
ment, is designed to remove the dead tissue and stimu­
late ilie growili of new tissue. The patient was given an 
anesthetic, and ilie minor procedure should not have 
created any difficulty. However, many of the Marines 
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so treated had a life-threatening reaction, cardiovascular 
collapse. The initial impression was that the patients 
must have a reduced blood volume. But how could that 
be possible after so many transfusions? Moreover, the 
usual tests for anemia, the blood hemoglobin and 
hematocrit levels, were normal. LCDR Valeri was 
consulted, since the NBRL was equipped to make 
the appropriate tests. Blood volumes were studied 
and found to be low, sometimes by as much as 40 
percent. The NBRL had the task of discovering why 
recipients with chronic wounds of the extremities 
destroyed transfused blood and why this phenomenon 
had not been recognized earlier. Valeri's extensive 
studies of the survival of transfused blood in wounded 
men made it possible for him to devise a cure for the 
syndrome- frequent transfusions to maintain normal 
red ce11 volume. This treatment greatly improved the 
health of the patients- wounds healed, appetite in­
creased, moods became cheerful. Although the problem 
of ilie "Missing-Blood Syndrome" is still not completely 
solved. this contribution to the general medicine of 
trauma will soon be published in monograph form. It 
should be noted iliat, whereas the studies made at 
Chelsea defined the mechanisms responsible for the 
disorder and indicated its treatment, they did not 
elucidate the cause. Etiologic studies are pursued at 
research institutes such as the National Institutes of 
Health, where research is theory-oriented. At Chelsea, 
and facilities like it, the studies have consistently been 
patient-oriented. 

Among practical problems studied at the NBRL 
was the separation and preservation in liquid or frozen 
state of ilie blood platelets, the blood elements essen­
tial for clotting. This can now be done, despite the 
many difficulties encountered in handling these fragile 
elements. This is an important contribution, for many 
patients in civilian and military practice need to be 
given blood platelets to overcome a deficiency of their 
blood-clotting mechanisms. 

Salvaging Outdated Blood 

Another main effort of the Naval Blood Research 
Laboratory during the past decade has been to develop 
and evaluate procedures for salvaging outdated blood 
stored in blood banks. It will be recalled that liquid­
stored blood must be discarded three weeks after collec­
tion in the most commonly used preservative solution 
(CPD mixture). However, these red blood cells, although 
able to stay alive for up to three weeks depending on the 
preservative solution used, do not transport oxygen 
normally after about the first week. The problem 
became multifaceted , viz., to salvage outdated blood ; 
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to provide red blood cells with normal oxygen-delivery

capacity after a week or so of liquid storage; and finally,

to develop ways of producing red blood cells with

different oxygen-delivery capacities to be used as re-

quired under different clinical circumstances. Red blood

cells contain a substance called 2,3-diphosphoglycerate,

a glucose derivative generated under the influence of

phosphorus compounds inside of and outside the red

blood cells. This compound, generally referred to as

2,3-DPG, regulates the ability of the hemoglobin in the

red blood cells to take up oxygen in the lungs and to

give it up in the tissues. The Laboratory, by ingeniously

blending its competence in freezing, rejuvenating, and

measuring the function of the red blood cells, has

devised simple, easily standardized methods of generat-

ing and storing red blood cells with a range of desired

oxygen-delivery functions. This important accomplish-

ment was reported at an international conference on

oxygen transport held in Newton, Massachusetts, in

April, 1979. Captain Valeri was chief organizer of the

Conference, and a number of other Laboratory person-

nel participated.

The physiological and chemical applications of

the modified blood are currently under intensive study,

both in man and in baboons, at Boston University

School of Medicine, at the Peter Bent Brigham Hospital

and Harvard Medical School, and at other nearby teach-

ing and research centers. The location of the NBRL in

Cell washing system

the midst of these institutions has aided the rapid

prosecution of these studies.

ONR Funded Laboratory

All of these activities have been carried on despite

interruptions and dislocations due to administrative

changes. In 1974, there was a change that enhanced the

efficiency of the NBRL. In that year, the Laboratory

was transferred from the control of the BUMED to the

newly established Naval Medical Research and Develop-

ment Command. However, in 1976, the First Naval

District was disestablished and, with the earlier closing

of the Chelsea Naval Hospital in 1974, the NBRL sought

other quarters that would keep it within the Boston

medical academic community. In 1976, the Laboratory

was moved to temporary quarters in the Talbot Building,

a decrepit structure, albeit of great historical im-

portance, on the campus of the Boston University

School of Medicine. The New England Nuclear Corpora-

tion donated a building to the Navy and in 1977, after

extensive alterations had been made, it became the

home of the Laboratory and, hopefully, will remain so

indefinitely. These two moves of facilities, including

equipment both heavy and delicate, were made without

noticeable diminution of the activities of the NBRL.

When the First Naval District was disestablished,

the Laboratory came under the area coordination

of the Commandant, Fourth Naval District, Phila-

delphia, Pennsylvania. In 1978, the NBRL was dis-

established as an in-house research facility and has

been maintained since then by an ONR contract with

the Boston University School of Medicine. This has

increased the NBRL's ties to the medical academic

community and will thereby enhance its function.

NBRL's leadership continues in studies on:

• frozen blood preservation;

• the rejuvenation of over-age stored liquid blood;

• the preparation of red blood cells with the

specific oxygen-delivery qualities needed in

different clinical conditions;

• the preparation of separated blood components

and cells with optimal functions for clinical use,

among other things.

Above all it is devoted to the development of

scientifically-sound, clinically-determined efficient and

effective technological solutions to all problems related

to field use or hospital use of blood and any of its com-

ponents as needed in the treatment of sick or injured

persons. In these areas the NBRL has been accorded

worldwide recognition as a leader, and also as a training

ground for researchers. ■
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to provide red blood cells with normal oxygen-delivery 
capacity after a week or so of liquid storage; and finally , 
to develop ways of producing red blood cells with 
different oxygen-delivery capacities to be used as re­
quired under different clinical circumstances. Red blood 
cells contain a substance called 2,3-diphosphoglycerate, 
a glucose derivative generated under the influence of 
phosphorus compounds inside of and outside the red 
blood cells. This compound, generally referred to as 
2,3-DPG, regulates the ability of the hemoglobin in the 
red blood cells to take up oxygen in the lungs and to 
give it up in the tissues. The Laboratory, by ingeniously 
blending its competence in freezing, rejuvenating, and 
measuring the function of the red blood cells, has 
devised simple, easily standardized methods of generat­
ing and storing red blood cells with a range of desired 
oxygen-delivery functions. This important accomplish­
ment was reported at an international conference on 
oxygen transport held in Newton, Massachusetts, in 
April, 1979. Captain Valeri was chief organizer of the 

Conference, and a number of other Laboratory person­
nel participated. 

The physiological and chemical applications of 
the modified blood are currently under intensive study , 
both in man and in baboons, at Boston University 
School of Medicine, at the Peter Bent Brigham Hospital 
and Harvard Medical School, and at other nearby teach­
ing and research centers. The location of the NBRL in 

Cell washing system 
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the midst of these institutions has aided the rapid 
prosecution of these studies. 

ONR Funded Laboratory 

All of these activities have been carried on despite 
interruptions and dislocations due to administrative 
changes. In 1974, there was a change that enhanced the 
efficiency of the NBRL. In that year, the Laboratory 
was transferred from the control of the BUMED to the 
newly established Naval Medical Research and Develop­
ment Command. However, in 1976, the First Naval 
District was disestablished and, with the earlier closing 
of the Chelsea Naval Hospital in 1974, the NBRL sought 
other quarters that would keep it within the Boston 
medical academic community. In 1976, the Laboratory 
was moved to temporary quarters in the Talbot Building, 
a decrepit structure, albeit of great historical im­

portance, on the campus of the Boston University 
School of Medicine. The New England Nuclear Corpora­
tion donated a building to the Navy and in 1977, after 
extensive alterations had been made, it became the 
home of the Laboratory and, hopefully, will remain so 
indefinitely. These two moves of facilities, including 
equipment both heavy and delicate, were made without 
noticeable diminution of the activities of the NBRL. 

When the First Naval District was disestablished , 
the Laboratory came under the area coordination 
of the Commandant, Fourth Naval District, Phila­
delphia, Pennsylvania. In 1978, the NBRL was dis­
established as an in-house research facility and has 
been maintained since then by an ONR contract with 
the Boston University School of Medicine. This has 
increased the NBRL's ties to the medical academic 
community and will thereby enhance its function. 
NBRL's leadership continues in studies on: 

• frozen blood preservation; 
• the rejuvenation of over-age stored liquid blood ; 
• the preparation of red blood cells with the 

specific oxygen-delivery qualities needed in 
different clinical conditions; 

• the preparation of separated blood components 
and cells with optimal functions for clinical use, 
among other things. 

Above all it is devoted to the development of 
scientifically-sound, clinically-determined efficient and 
effective technological solutions to all problems related 
to field use or hospital use of blood and any of its com­
ponents as needed in the treatment of sick or injured 
persons. In these areas the NBRL has been accorded 
worldwide recognition as a leader, and also as a training 
ground for researchers. ■ 
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APPENDIX

Chronology of Accomplishments

1956 Establishment of the Blood Research Laboratory at Chelsea Naval Hospital, Chelsea, Massachusetts.

1957 Successful freeze-preservation of red blood cells using the Cohn Blood Fractionator.

1960 Establishment of the first frozen blood bank for rare blood types.

1962 Studies initiated to evaluate the quality of preserved red blood cells.

1964 Evaluation of the Huggins dilutional wash procedure.

1966 Successful freeze-preservation of red blood cells using the Huggins technique.

Establishment of frozen blood banks at Danang, South Vietnam; Clark Air Force Base in the Philippine

Islands; and aboard the hospital ship USS Repose.

Clinical evaluation of frozen red blood cells at the Chelsea Naval Hospital and in combat areas.

1967 Establishment of a frozen blood bank aboard the hospital ship USS Sanctuary.

Establishment of red blood cell collection and freezing centers at Oakland Naval Hospital, Oakland, Califor-

nia, and at the Naval Medical School, Bethesda, Maryland.

Evaluation of the Arthur D. Little reusable stainless steel bowl to wash frozen red blood cells.

1965-1967 Development of an automated differential agglutination (ADA) technique to measure red blood cell survival.

Freezing and evaluation of low concentration (20% W/V) glycerolized red blood cells.

1968- 1973 Evaluation and treatment of the "Missing Blood Syndrome." Extensive clinical evaluation of the hypo-

volemic anemia of trauma.

1969- 1971 Liquid preservation of human platelets.

1969-1971 Establishment of procedures to salvage outdated human red cells by biochemical modification prior to

freeze-preservation with 40% W/V glycerol at -80°C or with 20% W/V glycerol at -150°C.

1971 Salvaging of outdated red blood cells.

1971-1973 Measurement of oxygen content of blood using the fuel cell.

1971-1975 Establishment of a model study in man to determine the hemostatic effectiveness of autologous platelets

preserved by liquid and freeze-preservation methods. Treating normal volunteers with aspirin produces a

thrombocytopathy which can be corrected by reinfusion of autologous preserved platelets.

Establishment of methods to biochemically modify baboon red blood cells with normal 2,3 DPG, 1-1/2

to 2 times normal 2,3 DPG, and 3 times normal 2,3 DPG prior to freeze-preservation with 40% W/V glycerol

at -80°C or with 20% W/V glycerol at -150°C.

Establishment of procedures to improve the oxygen transport function of human red cells by biochemical

modification of indated red blood cells prior to freezing with the high or low glycerol freeze method.
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APPENDIX 

Chronology of Accomplishments 

1956 Establishment of the Blood Research Laboratory at Chelsea Naval Hospital, Chelsea, Massachusetts. 

1957 Successful freeze-preservation of red blood cells using the Cohn Blood Fractionator. 

1960 Establishment of the first frozen blood bank for rare blood types. 

1962 Studies initiated to evaluate the quality oi preserved red b lood cells. 

1964 Evaluation of the Huggins dilutional wash procedure. 

1966 Successful freeze-preservation of red blood cells using the Huggins technique. 

Establishment of frozen blood banks at Danang, South V ietnam; Clark Air Force Base in the Philippine 

Islands: and aboard the hospital ship USS Repose. 

Clinical evaluation of frozen red blood cells at the Chelsea Naval Hospital and in combat areas. 

1967 Establishment of a frozen b lood bank aboard the hospital ship USS Sanctuary. 

Establishment of red blood cell collection and freezing centers at Oakland Naval Hospital, Oakland, Califor­
nia, and at the Naval Medical School, Betlnesda, Maryland. 

Evaluation of the Arthur D. Little reusable stainless steel bowl to wash frozen red b lood cells. 

1965-1967 Development of an automated differential agglutination (ADA) technique to measure red blood cell survival. 

Freezing and evaluation of low concentration (20% W/V) glycerolized red blood cells. 

1968-1973 Evaluation and treatment of the "Missing Blood Syndrome." Extensive clinical evaluation of the hypo­
volemic anemia of trauma. 

1969-1971 Liquid preservation of human platelets. 

1969-1971 Establishment of procedures to salvage outdated human red cells by biochemical modification prior to 
freeze-preservation with 40% W/V glycerol at -80° C or with 20% W/V glycerol at -150° C. 

1971 Salvaging of outdated red blood cells. 

1971 -1973 Measurement of oxygen content of blood using the fuel cell. 

1971-1975 Establishment of a model study in man, to determine the hemostatic effectiveness of autologous platelets 
preserved by liquid and freeze-preservation methods. Treating normal volunteers with aspir in produces a 
thrombocytopathy which can be corrected by reinfusion of autologous preserved platelets. 

Establishment of methods to biochemically modify baboon red blood cells with normal 2,3 DPG, 1-1 /2 
to 2 t imes normal 2,3 DPG, and 3 times normal 2,3 DPG prior to freeze-preservation with 40% W/V glycerol 
at -80° C or with 20% W/V glycerol at - 150° C. 

Establishment of procedures to improve the oxygen transport function of human red cell s by biochemical 
modification of iodated red blood cells prior to freezing with the high or low glycerol freeze method. 
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1971- 1978 Studies of baboon red cells, platelets, and granulocytes to demonstrate the feasibility of using the baboon

to study methods of isolating and preserving these cells. Baboon red cells, platelets, and granulocytes can be

isolated and preserved in much the same manner as human cells have been successfully handled in the past.

1972- 1973 Successful isolation of platelets from a single unit of blood by serial differential centrifugation and freeze-

preservation with 6% DMSO at 2-3 C per minute at -80°C for at least 8 months.

1973 Freeze-preservation of red cells with improved capacity to deliver oxygen.

1973- 1975 Physiologic studies in baboons to demonstrate an increase in cardiac output during the immediate 2-6 hours

after transfusion of red cells with a respiratory defect (increased affinity for oxygen) after red cell storage

in the liquid state at 4°C.

1973- 1978 Liquid and freeze-preservation of platelets.

1974 Studies on removal of the hepatitis B antigen from blood—effects of washing, glycerolization and washing,

and glycerolization freezing and washing, and studies to evaluate the reduction in clinical hepatitis.

Study of the plasticizer, di-2-ethylhexylphthalate (DEHP) in whole blood, platelet concentrate, and platelet-

poor plasma.

Study of platelet circulation and function during hyperbaric exposure. Collaborative study with Naval Sub-

marine Medical Research Laboratory, Groton, Connecticut.

1974- 1978 Study of formation and removal of microaggregates in previously-frozen washed red cells.

1975- 1977 Establishment of methods to salvage outdated red cells by biochemical treatment prior to freeze-preservation

with 40% W/V glycerol can be at -80°C for at least 3-1/2 to 4 years. Excellent recovery of red cells, accept-

able 24-hour post-transfusion survival, and normal oxygen transport function have been maintained.

1975- 1978 ^Cr labeling of human lymphocytes, granulocytes, monocytes, and platelets using velocity sedimentation

through a phosphate-buffered saline-bovine serum albumin gradient.

Establishment of a method to evaluate the circulation and function of red cells perfused through a blood

oxygenator.

1976 Studies to evaluate granulocytes isolated from blood by elutriation.

1976- 1978 Studies to demonstrate that red blood cells with increased 2,3 DPG levels (1-1/2 to 2 times normal) improve

myocardial function immediately following extracorporeal bypass.

Attenuation of the increased affinity of red cells during hypothermia by biochemical modification of red

cells to increase the 2,3 DPG level to 1-1/2 to 3 times normal prior to freeze-preservation.

Freeze-preservation of human red cells in the primary collection bag.

1977 In vitro assay of platelet function by measuring thrombin-induced release of 5-hydroxytryptamine.

1978 A new system for freeze-preservation of human red cells — higher quality at lower cost.

Successful freeze-preservation of platelets isolated in large numbers from a single donor.
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1971-1978 Studies of baboon red cells, platelets, and granulocytes to demonstrate the feasibility of using the baboon 
to study methods of isolating and preserving these cells. Baboon red cells, platelets, and granulocytes can be 
isolated and preserved in much the same manner as human cells have been successfully handled in the past. 

1972-1973 Successful isolation of platelets from a single unit of blood by serial differential centrifugation and freeze­

preservation with 6% DMSO at 2-3 C per minute at -80° C for at least 8 months. 

1973 Freeze-preservation of red cells with improved capacity to deliver oxygen. 

1973-1975 Physiologic studies in baboons to demonstrate an increase in cardiac output during the immediate 2-6 hours 
after transfusion of red cells with a respiratory defect (increased affinity for oxygen) alter red cell storage 

in the liquid state at 4° C. 

1973-1978 liquid and freeze-preservatio'l of platelets. 

1974 Studies on removal of the hepatitis B antigen from blood-effects of washing, glycerolization and washing, 
and glycerolization freezing and washing, and studies to evaluate the reduction in clinical hepatitis. 

Study of the plasticizer, di-2-ethylhexylphthalate (DEHP) in whole b lood, platelet concentrate, and platelet­
poor plasma. 

Study of platelet circulation and function during hyperbaric exposure. Collaborative study with Naval Sub­
marine Medical Research Laboratory, Groton, Connect icut. 

1974-1978 Study of formation and removal of microaggregates in previously-frozen washed red cells. 

1975-1977 Establishment of methods to salvage outdated red cells by biochemical treatment prior to freeze-preservation 
with 40% W/V glycerol can be at -80° C for at least 3-1 /2 to 4 years. Excellent recovery of red cells, accept­
able 24-hour post-transfusion survival, and normal oxygen transport function have been maintained. 

1975-1978 51 cr labeling of human lymphocytes, granulocytes, monocytes, and platelets using velocity sedimentation 
through a phosphate-buffered saline-bovine serum albumin gradient. 

Establishment of a method to evaluate the circulation and function of red cells perfused through a blood 
oxygenator. 

1976 Studies to evaluate granulocytes isolated from blood by elutriation. 

1976-1978 Studies to demonstrate that red blood cells with increased 2,3 DPG levels (1-1/2 to 2 times normal) improve 
myocardial function immediately following extracorporeal bypass. 

Attenuation of the increased affinity of red cells during hypothermia by biochemical modification of red 
cells to increase the 2,3 DPG level to 1-1 /2 to 3 times normal prior to freeze-preservation. 

Freeze-preservation of human red cells in the primary collection bag. 

1977 In vitro assay of platelet function by measuring thrombin-induced release of 5-hydroxytryptamine. 

1978 A new system for freeze-preservation of human red cells - higher quality at lower cost. 

Successful freeze-preservation of platelets isolated in large numbers from a single donor. 
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Phenomena of Instability:

Fracture mechanics

and Flow Separation

by

G. C. Sih

Lehigh University, Bethlehem, Pennsylvania

On a calm evening in January of 1943, the

Schenectady T2 tanker suddenly broke in two at

dockside in Portland, Oregon. The ship jackknifed with

the bow and stern settled into the river bottom. Inci-

dents of this type were not uncommon during World

War II when ships were produced in large quantities

with insufficient experience in and knowledge of the

design of welded structures. The monolithic nature of

nonredundant welded structures can be highly con-

strained and provide continuity such that catastrophic

fracture can arise from minute defects such as weld

cracks or arc strikes. As a result, the Navy intensified

fracture mechanics research1,2,3 during the post-war

period. The Office of Naval Research has continuously

supported work in this area so that the new develop-

ments in fracture mechanics can lead to better designs

and materials for ship structural components. Today,

engineers and scientists from many disciplines all over

the world are contributing to fracture mechanics with

great intensity. This can be clearly evidenced by the

increasing number of open literature publications,

international conferences, and engineering society

activities.

Besides ships, catastrophic fractures have also

occurred in steel structures such as tanks, pressure

vessels, bridges, gas transmission lines and others. Need-

less to say, there is an urgent need to understand the

mechanisms and conditions controlling fracture. The

philosophy adopted in material testing is that labora-

tory data collected on the smaller test specimens could

be translated for use in the design of large size struc-

tures. Such an approach, however, can be deficient. A

small metal specimen may exhibit fictitiously high

ductility while the same material in a larger size can

behave in a brittle fashion. Clear evidence of this has

been observed in the failures of large storage tanks and

ships under service conditions. Post-mortem examina-

tion of the broken pieces of the tanks and the fractured

Dr. Sih is Professor of Mechanics and Director

of the Institute of Fracture and Solid Mechanics

at Lehigh University. He has been an ONR con-

tractor for 15 years working primarily in the

fracture mechanics of metal alloys, composite

materials and structure systems. Recently, Dr. Sih

has been conducting research on the "fracture

size effect, " where the smaller size specimens tend

to behave more ductile than the larger ones of the

same material.
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Phenomena of Instability: 
Fracture mechanics 
and Flow Separation 

by 

G. C. Sih 

Lehigh University, Bethlehem, Pennsylvania 

On a calm evening in January of 1943, the 
Schenectady T2 tanker suddenly broke in two at 

dockside in Portland, Oregon. The ship jackknifed with 
the bow and stern settled into the river bottom. Inci­
dents of this type were not uncommon during World 
War II when ships were produced in large quantities 
with insufficient experience Ln and knowledge of the 
design of welded structures. The monolithic nature of 
nonredundant welded structures can be highly con­
strained and provide continuity such that catastrophic 
fracture can arise from minute defects such as weld 
cracks or arc strikes. As a result. the Navy intensified 
fracture mechanics research I. 2 

• 
3 during the post-war 

period. The Office of Naval Research has continuously 
supported work in this area so that the new develop­
ments in fracture mechanics can lead to better designs 
and materials for ship structural components. Today, 
engineers and scientists from many disciplines all over 
the world are contributing to fracture mechanics with 
great intensity. This can be clearly evidenced by the 
increasing number of open literature publications, 
international conferences, and engineering society 
activities. 

Besides ships, catastrophic fractures have also 
occurred in steel structures such as tanks, pressure 
vessels. bridges, gas transmission lines and others. Need­
less to say, there is an urgent need to understand the 
mechanisms and conditions controlling fracture. The 
philosophy adopted in material testing is that labora­
tory data collected on the smaller test specimens could 
be translated for use in the design of large size struc­
tures. Such an approach, however, can be deficient. A 
small metal specimen may exhibit fictitiously high 

30 

Digitized by Go gle 

ductility while the same material in a larger size can 
behave in a brittle fashion. Clear evidence of this has 
been observed in the failures of large storage tanks and 
ships under service conditions. Post-mortem examina­
tion of the broken pieces of the tanks and the fractured 

Dr. Sih is Professor of Mechanics and Director 
of the Institute of Fracture and Solid Mechanics 
at Lehigh University. He has been an ONR con­
tractor for 15 years working primarily in the 
fracture mechanics of metal alloys, composite 
materials and structure systems. Recently, Dr. Sih 
has been conducting research on the "fracture 
size effect," where the smaller size specimens tend 
to behave more ductile than the larger ones of the 
same material. 
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surfaces of ship plates did not disclose any ductile frac-

ture surface appearance or zones of permanent deforma-

tion such as one actually sees on the much smaller

laboratory specimens of low carbon steels tested at the

same service temperature. (Failures in ships cannot be

explained simply as metals operating at low temper-

atures alone but involves the insufficient knowledge on

the part of the structural engineer regarding the com-

bined influence of temperature, rate of loading, geome-

try and size.)

This is attributed to the so-called "size effect"

phenomenon that is still not completely understood.

Full-scale and/or model testing remain as necessary steps

in the design of engineering structures.

Questions such as these have been pondered for

many years with a bewildering array of theories and

experiments proposed by the solid state physicists,

dislocation theorists, continuum mechanists, materials

testers and structural engineers. Admittedly, the failure

of a solid can be traced to its microstructure and ar-

rangement of its constituent atoms. However, our

inability to analyze the problem in one step covering

more than ten orders of magnitude on the length scale

made it necessary to divide the investigation into three

loosely defined divisions: atomic, microscopic and

macroscopic, leaving out the structural division which

extends the length scale by another three or more

orders of magnitude.

Although continuum modelling of the material

structure can be done at the different scale levels, it

is not clear at present how the results are related. In

Courtesy of Naval Research Laboratory

addition, the basic question of how the individual

material constituents affect the response of the con-

stituent-aggregate as a whole is still far from being

answered. Ideally speaking, matter can be represented

by a regular three-dimensional array of atoms and

from a knowledge of this arrangement it should be

possible to deduce the mechanical properties of the

solid and to analyze its failure behavior. Attempts in this

direction have been frustrating and have not brought

us any closer to the solution of the basic problem of

material failure. Because of space limitation, this article

will not delve into the details of atomic or microscopic

models of solids.

Fracture mechanics basically owes its development

to the theory of continuum mechanics. It focuses atten-

tion on the onset of instability of a solid containing

imperfections in the form of cracks rather than con-

centrating entirely on the deformation history of the

solid. One of the unique features of fracture mechanics

is the parameter associated with crack instability, that

serves as a material constant and can be used to rank the

resistance of materials to fracture. Such a constant has

been generally referred to as fracture toughness, desig-

nated by Glc (or Klc, which differs from Glc by a

constant).

It may appear strange that flow separation should

enter into the title of this article which is predominantly

devoted to the fracture mechanics of solids. Insofar as

the phenomenon of instability is concerned, however,

it is conceivable that the separation of solid and fluid
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surfaces of ship plates did not disclose any ductile frac­
ture surface appearance or zones of permanent deforma­
tion such as one actually sees on the much smaller 
laboratory specimens of low carbon steels tested at the 
same service temperature. (Failures in ships cannot be 
explained simply as metals operating at low temper­
atures alone but involves the insufficient knowledge on 
the part of the structural engineer regarding the com­
bined influence of temperature, rate of loading, geome­
try and size.) 

This is attributed to the so-called "size effect" 
phenomenon that is still not completely understood. 
Full-scale and/or model testing remain as necessary steps 
in the design of engineering structures. 

Questions such as these have been pondered for 
many years with a bewildering array of theories and 
experiments proposed by the solid state physicists, 
dislocation theorists, continuum mechanists, materials 
testers and structural engineers. Admittedly, the failure 
of a solid can be traced to its microstructure and ar­
rangement of its constituent atoms. However, our 
inability to analyze the problem in one step covering 
more than ten orders of magnitude on the length scale 
made it necessary to divide the investigation into three 
loosely defined divisions: atomic, microscopic and 
macroscopic, leaving out the structural division which 
extends the length scale by another three or more 
orders of magnitude. 

Although continuum modelling of the material 
structure can be done at the different scale levels, it 
is not clear at present how the results are related. In 
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addition, the basic question of how the individual 
material constituents affect the response of the con­
stituent-aggregate as a whole is still far from being 
answered. Ideally speaking, matter can be represented 
by a regular three-dimensional array of atoms and 
from a knowledge of this arrangement it should be 
possible to deduce the mechanical properties of the 
solid and to analyze its failure behavior. Attempts in this 
direction have been frustrating and have not brought 
us any closer to the solution of the basic problem of 
material failure. Because of space limitation, this article 
will not delve into the details of atomic or microscopic 
models of solids. 

Fracture mechanics basically owes its development 
to the theory of continuum mechanics. It focuses atten­
tion on the onset of instability of a solid containing 
imperfections in the form of cracks rather than con­
centrating entirely on the deformation history of the 
solid. One of the unique features of fracture mechanics 
is the parameter associated with crack instability, that 
serves as a material constant and can be used to rank the 
resistance of materials to fracture . Such a constant has 
been generally referred to as fracture toughness, desig­
nated by C 1e (or Kie' which differs from C1e by a 
constant). 

It may appear strange that flow separation should 
enter into the title of this article which is predominantly 
devoted to the fracture mechanics of solids. Insofar as 
the phenomenon of instability is concerned, however, 
it is conceivable that the separation of solid and fluid 
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may share the same criterion of instability. This possibil-

ity was first realized in 1972 during an investigation of

the maximum potential energy density criterion4

or the minimum strain energy density criterion as

applied to the fracture of solids. It was then discovered

that the same criterion could be used to predict flow

separation. A technique for computing (either numer-

ically or analytically) points of separation of turbulent

flow past solid bodies was developed and a number of

example problems were solved. The results agreed

surprisingly well with the available experimental data.

This quick and accurate way of determining flow separa-

tion is considered to be a major improvement over the

present methods of locating turbulent separation points.

Such a capability can be programmed into the computer

and cast a new outlook on the design of Navy vehicles

of varying shapes that run in water, air, and at the air-sea

surface. For the first time, it may be possible to opti-

mize the complicated profiles of various vehicles in

terms of reducing the wake size by delaying separation.

Fracture Mechanics

Fracture Toughness

Fracture mechanics in its simplest form relies on

the concept that the "worst flaw or defect" in the

structure does the damage. Mathematically, this defect

is idealized in the form of a line crack with sharp tips

in an elastic continuum. The crack extension process

is assumed to involve the conversion of elastic energy

to the creation of new free surface. The energy dissi-

pated in this process is called the energy release rate,5

G,, whose critical value, G, , is identified with the

1' '1 c'

onset of rapid crack extension. It is also a common

practice to relate G1 to the stress intensity factor

parameter2,:

G, = — K? (0

in which v is the Poisson's ratio and E the Young's

modulus. The critical value, Glc (or more often Klc),

is called the fracture toughness and has been measured

for a host of engineering materials (see Table I). Test

procedures for determining the toughness of metal

alloys are available through ASTM6.

The underlying assumption of the classical theory

expressed by the equation in (1) is that the load must

be applied to the crack and that the crack must

always extend straight ahead. It follows that the

mathematical crack has to be perfectly sharp giving rise

Table 1. Fracture toughness values10 for

some engineering materials

Critical energy

Material

release rate

G1c (lb/in)

Key Steel

5.71 X 102

Brass

3.43 X 102

Teak Wood

6.85 X 10

Cast Iron

4.57 X 10

Polymethylmethacrylate

5.71

Epoxide Resin

3.77

Alumina

4.57 X 10~1

Glass

4.57 X 10~2

to a 1/vr stress singularity such that the stress can

increase without bound as the radial distance r measured

from the crack tip diminishes. Disturbing as it may be

on physical grounds, this mathematical feature is attrac-

tive and permits a direct analytical determination of the

stress intensity parameter.

The early works on stress analysis7,8'9 revealed

that Kl can be extracted simply from the crack-tip

stress field rather than by laboring with the complex

nature of the energetic treatment involving the direct

calculation of G.. This realization was no small achieve-

ment as it led to the evaluation of stress intensity

factor solutions for a multitude of crack configurations

and loading conditions. More importantly, it offered

the possibility of extending fracture mechanics to

structural applications. A variety of stress intensity

factor solutions for cracks in three-dimensions, plates

and shells, composite materials, etc., can be found in

a Lehigh University publication: Handbook of Stress

Intensity Factors11.

It soon became app; rent that a general description

of the crack border stress state requires the knowledge

of three stress intensity factors K1, K2 and K3. The

original fracture criterion based on Kl reaching a critical

value, Klc, (or Gl reaching Glc) is no longer adequate.

The involvement of all three stress intensity factors

requires some combination of these factors reaching a

critical value9:

f(K15K2,K3) = fcr (2)

A mixed mode fracture criterion is thus needed for

extending the concept of fracture mechanics to situa-

tions where the structure is subjected to combined

loadings. Attempts have been made to extend the

energy release rate concept to the mixed mode situa-

tion. The difficulties and uncertainties encountered in
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may share the same criterion of instability. This possibil­
ity was first realized in 1972 during an investigation of 
the maximum potential energy density criterion4 

or the minimum strain energy density criterion as 
applied to the fracture of solids. It was then discovered 
that the same criterion could be used to predict flow 
separation. A technique for computing (either numer­
ically or analytically) points of separation of turbulent 
flow past solid bodies was developed and a number of 
example problems were solved. The results agreed 
surprisingly well with the available experimental data. 
This quick and accurate way of determining flow separa­
tion is considered to be a major improvement over the 
present methods of locating turbulent separation points. 
Such a capability can be programmed into the computer 
and cast a new outlook on the design of Navy vehicles 
of varying shapes that run in water, air, and at the air-sea 
surface. For the first time, it may be possible to opti­
mize the complicated profiles of various vehicles in 
terms of reducing the wake size by delaying separation. 

Fracture Mechanics 

Fracture Toughness 

Fracture mechanics in its simplest form relies on 
the concept that the "worst flaw or defect" in the 
structure does the damage. Mathematically, this defect 
is idealized in the form of a line crack with sharp tips 
in an elastic continuum. The crack extension process 
is assumed to involve the conversion of elastic energy 
to the creation of new free surface. The energy dissi­
pated in this process is called the energy release rate, 5 

G 1, whose critical value, GI c, is identified with the 
onset of rapid crack extension. It is also a common 
practice to relate G 1 to the stress intensity factor 
parameter2 , K1 : 

I - ,i 
G = -- K2 

I E 1 
(I) 

in which II is the Poisson's ratio and E the Young's 
modulus. The critical value, G 1c (or more often K1c), 
is called the fracture toughness and has been measured 
for a host of engineering materials (see Table I). Test 
procedures for determining the toughness of metal 
alloys are available through ASTM6 . 

The underlying assumption of the classical theory 
expressed by the equation in (1) is that the load must 
be applied to the crack and that the crack must 
always extend straight ahead. It follows that the 
mathematical crack has to be perfectly sharp giving rise 
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Table 1. Fracture toughness values' 0 for 
some engineering materials 

Material 

Key Steel 
Brass 
Teak Wood 
Cast Iron 
Polymethylmethacrylate 
Epoxide Resin 
Alumina 
Glass 

Critical energy 
release rate 
G1 c (lb/in) 

5.71 X 102 

3.43 X 102 

6.85 X 10 
4.57 X 10 
5.71 
3.77 
4.57 X 10- 1 

4.57 X 10-2 

to a 1/vr stress singularity such that the stress can 
increase without bound as the radial distance r measured 
from the crack tip diminishes. Disturbing as it may be 
on physical grounds, this mathematical feature is attrac­
tive and permits a direct analytical determination of the 
stress intensity parameter. 

The early works on stress analysis 7 • 8 • 9 revealed 
that K1 can be extracted simply from the crack-tip 
stress field rather than by laboring with the complex 
nature of the energetic treatment involving the direct 
calculation of G1. This realization was no small achieve­
ment as it led to the evaluation of stress intensity 
factor solutions for a multitude of crack configurations 
and loading conditions. More importantly, it offered 
the possibility of extending fracture mechanics to 
structural applications. A variety of stress intensity 
factor solutions for cracks in three-dimensions. plates 
and shells, composite materials, etc., can be found in 
a Lehigh University publication: Handbook of Stress 
Intensity Factors• 1 

. 

It soon became app: rent that a general description 
of the crack border stress state requires the knowledge 
of three stress intensity factors K1, K2 and K3. The 
original fracture criterion based on K 1 reaching a critical 
value, K 1 c• (or G1 reaching G le) is no longer adequate. 
The involvement of all three stress intensity factors 
requires some combination of these factors reaching a 
critical value9

: 

(2) 

A mixed mode fracture criterion is thus needed for 
extending the concept of fracture mechanics to situa­
tions where the structure is subjected to combined 
loadings. Attempts have been made to extend the 
energy release rate concept to the mixed mode situa­
tion. The difficulties and uncertainties encountered in 
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a. Symmetrical loading

b. Angle loading

Figure 1. Line crack in tension.

the numerical calculations, however, make this approach

infeasible.

Strength and Failure Stress

One of the objectives of fracture mechanics is to

seek a better understanding of the relationship between

the strength of a material and its basic properties. The

difference between calculated and measured values of

the strength of materials has been particularly disturb-

ing. The terms "strength" and "failure stress" are often

used but seldom defined in a precise manner. The term

strength is conventionally associated with the stress

level at which a failure of some kind has occurred in a

standard test specimen. Clearly, the strength will depend

upon the failure mode, which may involve the simple

loss of structural stiffness due to inelastic or elastic

deformation, or material separation of a catastrophic

nature, or the combination of both.

The analysis procedure adopted in fracture me-

chanics for estimating the service failure stress assumes

that the test specimen contains a crack-like defect. The

failure criterion for crack extension is applied by equat-

ing a function of the applied stress af and the geometry

of a structural component to a material constant, the

fracture toughness. For a large plate containing a line

crack of length 2a (Figure la), the failure stress can be

obtained by setting Kj = Klc:

K

lc

(3)

In situations where the load and crack symmetry

is not preserved as in the case of Figure IB, an easily

usable theory based on the strain energy density factor

S = A11K(+2A12K1K2+ A22K^

(4)

has been proposed4. In equation (4), the coefficients

Ajj (i,j = 1,2) depend on the material properties and the

fracture angle 0 . The factor S represents the product

of the radial distance, r, multiplied by the strain energy

density function, dW/dV, commonly employed in

elasticity. The function dW/dV decreases monotonically

with the crack tip radial distance r as illustrated in

Figure 2. The critical value of S, Sc. corresponds to

incipient fracture and is equal to rQ (dW/dV) where rQ

is the radius of the core region outside which the failure

of an element is assumed to take place. The position of

this element is found by minimizing S with respect to

6, i.e., dS/dd = 0. For the inclined crack problem in

Figure lb, the failure stress af is found by setting

S . = S:

mm c

1/2

Of - [

aF0,0J

(5)

Spring 1980
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I 

a. Symmetrical loading b. Angle loading 

Figure I. Line crack in tension. 

the numerical calculations, however, make this approach 
infeasible . 

Strength and Failure Stress 

One of the objectives of fracture mechanics is to 
seek a better understanding of the relationship between 
the strength of a material and its basic properties. The 
difference between calculated and measured values of 
the strength of materials has been particularly disturb­
ing. The terms "strength" and "failure stress" are often 
used but seldom defined in a precise manner. The term 
strength is conventionally associated with the stress 
level at which a failure of some kind has occurred in a 
standard test specimen. Clearly, the strength will depend 
upon the failure mode, which may involve the simple 
loss of structural stiffness due to inelastic or elastic 
deformation, or material separation of a catastrophic 
nature, or the combination of both. 

The analysis procedure adopted in fracture me­
chanics for estimating the service failure stress assumes 
that the test specimen contains a crack-like defect. The 
failure criterion for crack extension is applied by equat­
ing a function of the applied stress of and the geometry 
of a structural component to a material constant, the 
fracture toughness. For a large plate containing a line 
crack of length 2a (Figure I a), the failure stress can be 
obtained by setting K 1 = K I c: 

Spring 1980 G 
Dig tize .. by 0 gle 

(3) 

In situations where the load and crack symmetry 
is not preserved as in the case of Figure I B, an e~sily 
usable theory based on the strain energy density factor 

has been proposed4 . In equation (4), the coefficients 
A .. (i,J· = I ,2) depend on the material properties and the 

IJ 
fracture angle 0 

0
. The factor S represents the product 

of the radial distance , r, multiplied by the strain energy 
density function , dW/dV, commonly employed in 
elasticity. The function dW /dV decreases monotonically 
with the crack tip radial distance r as illustrated in 
Figure 2. The critical value of S, Sc. corresponds lo 
incipient fracture and is equal to r

0 
(dW/dV) where r

0 
is the radius of the core region outside which the failure 
of an element is assumed to take place. The position of 
this element is found by minimizing S with respect to 
0, i.e., as/a0 = 0. For the inclined crack problem in 
Figure lb , the failure stress of is found by setting 
s . = s: mm c 

Sc I / 2 

or= [aF(Mj 

Original from 
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Figure 2. Variation of strain energy density function with radial distance.

in which F(p\0Q) is an analytically determined function.

The critical value Sc, being characteristic of the material,

remains constant regardless of the crack orientation and

can be determined in the same kind of tests used to

obtain Klc. In fact, the relation

(1 + iO(l - 2v)K\c

S„ = (6)

can be used to convert the existing data on Glc or Klc

to S£12 . Direct measurements of Sc or (dW/dV) have

also been reported13 .

Strain Energy Density Concept

The basic concept of the strain energy density

theory4 can be best conveyed by visualizing an idealized

continuum to consist of a three-dimensional array

of minute cubic blocks (Figure 3a). As the solid is

stressed, each of the blocks will undergo volume change

(dilatation) and shape change (distortion), Figure 3b.

The corresponding stored energy per unit volume is

(dW/dV)v for dilatation and (dW/dV)d for distortion.

Failure by fracture or yielding will then depend on the

proportion of (dW/dV)v and (dW/dV)d in a particular

block. Excessive dilatation is associated with fracture

while excessive distortion is associated with yielding.

As a matter of fact, (dW/dV)d is precisely the quantity

used in the Huber-von Mises-Hencky yield criterion.

Ideally speaking, if the strain energy density is uniformly

distributed throughout the solid, then each block will

dissipate the same amount of energy and fail at the

same time. Such a condition, of course, cannot be

realized in practice where the strain energy density

function will vary from point to point. It is at the

valleys and peaks of dW/dV where failure will most

likely occur. Their locations can be determined from

the stationary values of the strain energy density func-

tion.

If the solid contains a crack (Figure 4a), then atten-

tion is focused on an element at a distance r from the

crack tip and it suffices to consider the factor

S = r(dW/dV). Figure 4a shows that under symmetric

loading, distortion or yielding is off to the sides of the

crack and dilatation associated with fracture is directly

ahead. The location ±0p correspond to Smax and

6Q = 0 to Smin. The ease with which Smin and Smax

can be calculated will be shown to play a vital role in

the prediction of crack trajectories.
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Figure 2. Variation of strain energy density function with radial distance. 

in which F(P,8 0) is an analytically determined function. 
The critical value Sc, being characteristic of the material, 
remains constant regardless of the crack orientation and 
can be determined in the same kind of tests used to 
obtain Kie· ln fact, the relation 

s = 
C 

(I + 11)(1 - 2v)Kf c 

21rE 
(6) 

can be used to convert the existing data on G1c or K1c 

to Sc 12 
• Direct measurements of Sc or (dW/dV\ have 

also been reported 13 
. 

Strain Energy Density Concept 

The basic concept of the strain energy density 
theory4 can be best conveyed by visualizing an idealized 
continuum to consist of a three-dimensional array 
of minute cubic blocks (Figure 3a). As the solid is 
stressed, each of the blocks will undergo volume change 
(dilatation) and shape change (distortion), Figure 3b. 
The corresponding stored energy per unit volume is 
(dW/dV)v for dilatation and (dW/dV)d for distortion. 
Failure by fracture or yielding will then depend on the 
proportion of (dW/dV)v and (dW/dV)d in a particular 
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block. Excessive dilatation is associated with fracture 
while excessive distortion is associated with yielding. 
As a matter of fact , (dW /dV)d is precisely the quantity 
used in the Huber-von Mises-Hencky yield criterion. 
Ideally speaking, if the strain energy density is uniformly 
distributed throughout the solid, then each block will 
dissipate the same amount of energy and fail at the 
same time. Such a condition, of course, cannot be 
realized in practice where the strain energy density 
function will vary from point to point. It is at the 
valleys and peaks of dW /dV where failure will most 
likely occur. Their locations can be determined from 
the stationary values of the strain energy density func­
tion. 

If the solid contains a crack (Figure 4a), then atten­
tion is focused on an element at a distance r from the 
crack tip and it suffices to consider the factor 
S = r(dW /dV). Figure 4a shows that under symmetric 
loading, distortion or yielding is off to the sides of the 
crack and dilatation associated with fracture is directly 
ahead. The location ±0 P correspond to Sm ax and 
8 0 = 0 to Sm in· The ease with which Sm in and Sm ax 
can be calculated will be shown to play a vital role in 
the prediction of crack trajectories. 
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Volume Change

Shape Change

a. Solid composed of cubic blocks

b. Volume and shape change

Figure 3. Idealized continuum.

Prediction of Crack Trajectory

Until recently, no suitable failure criterion could

be found to render a reliable prediction of the crack

trajectory. This capability, if exercised in the initial

design, can conceivably control crack propagation

within a predetermined region such that the integrity

and performance of the structure are always maintained.

In other words, the loads can still be safely redistributed

in the presence of cracks. This know-how depends

directly on the ability to control the direction of crack

propagation and will be illustrated through some ex-

amples on test specimens.

Distortion

P

Dilatation

Crack

Distortion

a. Distortion and Dilatation.

b. Stationary values of S

Figure 4. Interpretation of Smin and Smax.

Spring 1980
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Volume Change 

and/or 1&0 -Shape Change 

a. Solid composed of cubic blocks b. Volumeandshapechange 

Figure 3. Idealized continuum. 

Prediction of Crack Trajectory 

Until recently, no suitable failure criterion could 
be found to render a reliable prediction of the crack 
trajectory. This capability, if exercised in the initial 
design, can conceivably control crack propagation 
within a predetermined region such that the integrity 

a. Distortion and Dilatation. 

and performance of the structure are always maintained. 
In other words, the loads can still be safely redistributed 
in the presence of cracks. This know-how depends 
directly on the ability to control the direction of crack 
propagation and will be illustrated through some ex­
amples on test specimens. 

..Qp 

--Negative 0 

s 

b. Stationary values of S 

oP 

Positiveo-

Figure 4. !nterpretatio11 of Smin and Smax. 
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Returning to the angle crack specimen in Figure lb,

elements ahead of the crack with minimum strain

energy density14 have been computed for different

crack angles (3. The locus of these elements forms a

path of Smin (Figure 5), along which crack propagation

is assumed to occur. Crack trajectories on plexiglass

plates have been determined experimentally. Photo-

graphs of actual crack trajectories for j3 = 30° and 45°

are reproduced schematically in Figures 6a and 6b,

respectively. Attached to each figure is a trace of the

mathematically predicted path for a crack of the size

shown in the original photograph. The agreement is

observed to be very good for the cases illustrated.

Crack path prediction studies have also motivated

experimentalists to determine the sensitivity of non-

alignment of load and/or variations in specimen ge-

ometry. A good example is the commonly observed

phenomenon of shear lips in metal fracture that results

in an unsymmetric pattern of fracture along the line

of seemingly symmetric loading before material separa-

tion. This can be explained and predicted as a conse-

quence of nonalignment of load with the crack plane.

Figure 7a shows that if the crack plane is deviated by a

small amount 5 from the plane of symmetry, then both

shear lips will be retained on one of the broken pieces

of metal (Figure 7b). On the other hand, a slight tilt of

the crack plane about the center line (by an angle to;

see Figure 8a), produces a skewed pattern of shear

lips (Figure 8b).

Cracks tending to turn rather than run straight

also have been frequently encountered in the compact

tension specimen. The common practice of machining

side grooves on the specimen to guide the crack is often

ineffective, particularly for the high strength material.

This problem was not understood in the past and has

driven many experimentalists into frustration. The use

of standard formulas that fail to account for load and/or

specimen nonalignment in material testing can lead to

erroneous conclusions. It is good practice to precede

experiments with a fracture analysis for determining

the allowable tolerances on load alignment and specimen

geometry. The compact tension specimen has been

analyzed on the basis of the strain energy density

theory and shown to be very sensitive to deviations from

symmetry. It is worthwhile to know that the loca-

tion of the crack tip tends to govern the direction of

crack growth. As long as the crack tip lies in the line of

load symmetry, the crack will run straight in a compact

tension specimen.

The simplicity of the foregoing approach suggests

the possibility of applying such concepts to forecast

the path of failure in many complex situations. Indeed,

crack growth in three dimensions can be analyzed in the

same way15. The application to the design of a real

structure may be involved but not difficult and should

materialize in the foreseeable future.

Figure 5. Crack trajectory following the bath of Smin
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Returning to the angle crack specimen in Figure I b, 
elements ahead of the crack with minimum strain 
energy density 14 have been computed for different 
crack angles (3. The locus of these elements forms a 
path of Smi/Figure 5), along which crack propagation 
is assumed to occur. Crack trajectories on plexiglass 
plates have been determined experimentally. Photo­
graphs of actual crack trajectories for (3 = 30° and 45° 
are reproduced schematically in Figures 6a and 6b, 
respectively. Attached to each figure is a trace of the 
mathematically predicted path for a crack of the size 
shown in the original photograph. The agreement is 
observed to be very good for the cases illustrated. 

Crack path prediction studies have also motivated 
experimentalists to determine the sensitivity of non­
alignment of load and/or variations in specimen ge­
ometry. A good example is the commonly observed 
phenomenon of shear Lips in metal fracture that results 
in an unsymmetric pattern of fracture along the line 
of seemingly symmetric loading before material separa• 
tion. This can be explained and predicted as a conse­
quence of nonalignment of load with the crack plane. 
Figure 7a shows that if the crack plane is deviated by a 
small amount 8 from the plane of symmetry, then both 
shear lips will be retained on one of the broken pieces 
of metal (Figure 7b). On the other hand, a slight tilt of 
the crack plane about the center line (by an angle w; 
see Figure 8a), produces a skewed pattern of shear 
lips (Figure 8b ). 

Cracks tending to turn rather than run straight 
also have been frequently encountered in the compact 
tension specimen. The common practice of machining 
side grooves on the specimen to guide the crack is often 
ineffective, particularly for the high strength material. 
This problem was not understood in the past and has 
driven many experimentalists into frustration. The use 
of standard formulas that fail to account for load and/or 
specimen nonalignment in material testing can lead to 
erroneous conclusions. It is good practice to precede 
experiments with a fracture analysis for determining 
the allowable tolerances on load alignment and specimen 
geometry. The compact tension specimen has been 
analyzed on the basis of the strain energy density 
theory and shown to be very sensitive to deviations from 
symmetry. It is worthwhile to know that the loca­
tion of the crack tip tends to govern the direction of 
crack growth. As long as the crack tip lies in the line of 
load symmetry, the crack will run straight in a compact 
tension specimen. 

The simplicity of the foregoing approach suggests 
the possibility of applying such concepts to forecast 
the path of failure in many complex situations. Indeed, 
crack growth in three dimensions can be analyzed in the 
same way 15 

. The application to the design of a real 
structure may be involved but not difficult and should 
materialize in the foreseeable future. 

Path of Smin 

2a 

Figure 5. Crack trajectory followi11g the bath of Smin 
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Ductile Fracture

One of the least understood problems in fracture

mechanics is perhaps that of crack propagation preceded

by irreversible distortion of the solid. In the presence

of plastic deformation, it is no longer an easy task to

sort out the portion of energy dissipated by crack

propagation unless a detailed three-dimensional elastic-

plastic fracture analysis is carried out. (Many of the

two-dimensional elastic-plastic fracture analyses fail to

account for necking of the specimen with finite dimen-

sions and may not be realistic.) A descriptive account

of the ductile behavior of a tensile bar is given in Figures

9a to 9d. Figure 9a gives the fracture path for a rela-

tively brittle material that separates along a flat plane

with little or no plastic deformation. The more ductile

behavior is exhibited by necking and plastic deformation

before failing in a cup-and-cone fashion (Figure 9b). An

important point to be made here is that both Figures 9a

and 9b imply the release of elastic energy since the

crack propagates in the elastic region. Hence, the energy

dissipated to extend a unit crack area at instability is the

same. This means that the same fracture toughness value

can be applied to both specimens (i.e., Figure 9a, brittle

behavior and 9b, ductile behavior). The very ductile

behavior is achieved by yielding across the specimen

section as illustrated in Figure 9c and the intensities

of yielding will again be nonuniform and distributed

in accordance with the amount of distortion and

dilatation experienced by the material elements. The

pattern is shown in Figure 9d and is referred to as

second degree of yielding. Fracture will again be of the

cup-and-cone type but its size will be comparatively

smaller than that developed in Figure 9b. In a relative

sense, the material in Figure 9d is said to be more

ductile than that of Figure 9b. Continuum mechanics

analyses have been performed to account for the differ-

ent degrees of material ductility and the cup-and-cone

feature of fracture15. This work is not complete and

is still in the stage of research.

The major conclusion from the preliminary research

findings is that the fracture toughness, being a measure

of the energy dissipated at the instant of incipient

fracture, is the same for both the brittle and ductile

material if the creation of macroscopic crack surface

takes place in the elastic portion of the elastic-plastic

material (Figure 9b). This interpretation at least explains

why a crack may start in a ductile fashion and then

complete its propagation as a brittle fracture. It is the

failure stress that will vary as a function of material

ductility and not the fracture toughness. Hence, accord-

ing to the strict definition of fracture toughness16, it

Crack

Trajectories:

Experimental-

Theoretical —

Crack

Trajectories:

Experimental -

Theoretical —

Half

Crack

Length

a. (3 = 30°

b. 0 = 45'

Figure 6. Predicted abd actual crack trajectories.
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Ductile Fracture 

One of the least understood problems in fracture 
mechanics is perhaps that of crack propagation preceded 
by irreversible distortion of the solid. In the presence 
of plastic deformation, it is no longer an easy task to 
sort out the portion of energy dissipated by crack 
propagation unless a detailed three-dimensional elastic­
plastic fracture analysis is carried out. (Many of the 
two-dimensional elastic-plastic fracture analyses fail to 
account for necking of the specimen with finite dimen­
sions and may not be realistic.) A descriptive account 
of the ductile behavior of a tensile bar is given in Figures 
9a to 9d. Figure 9a gives the fracture path for a rela­
tively brittle material that separates along a flat plane 
with little or no plastic deformation. The more ductile 
behavior is exhibited by necking and plastic deformation 
before failing in a cup-and-cone fashion (Figure 9b). An 
important point to be made here is that both Figures 9a 
and 9b imply the release of elastic energy since the 
crack propagates in the elastic region. Hence, the energy 
dissipated to extend a unit crack area at instability is the 
same. This means that the same fracture toughness value 
can be applied to both specimens (i.e., Figure 9a, brittle 
behavior and 9b, ductile behavior). The very ductile 
behavior is achieved by yielding across the specimen 

Crack 
Trajectories: 

Experimental 
Theoretical -

Half 
Crack 

section as illustrated in Figure 9c and the intensities 
of yielding will again be nonuniform and distributed 
in accordance with the amount of distortion and 
dilatation experienced by the material elements. The 
pattern is shown in Figure 9d and is referred to as 
second degree of yielding. Fracture will again be of the 
cup-and-cone type but its size will be comparatively 
smaller than that developed in Figure 9b. In a relative 
sense, the material in Figure 9d is said to be more 
ductile than that of Figure 9b. Continuum mechanics 
analyses have been performed to account for the differ­
ent degrees of material ductility and the cup-and-cone 
feature of fracture 15

. This work is not complete and 
is still in the stage of research. 

The major conclusion from the preliminary research 
findings is that the fracture toughness, being a measure 
of the energy dissipated at the instant of incipient 
fracture , is the same for both the brittle and ductile 
material if the creation of macroscopic crack surface 
takes place in the elastic portion of the elastic-plastic 
material (Figure 9b ). This interpretation at least explains 
why a crack may start in a ductile fashion and then 
complete its propagation as a brittle fracture. It is the 
failure stress that will vary as a function of material 
ductility and not the fracture toughness. Hence, accord­
ing to the strict definition of fracture toughness 16 , it 

Crack 
Trajectories: 

Experimental 
Theoretical 

Half 
Crack 

Len~ 

(3=45• ~ ~ ........_ 2a - :\,-
/ 

b. (3 = 45 • 

Figure 6. Predicted abd actual crack trajectories. 
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a. Displaced crack b. Cup and cone

Figure 7. Symmetrical shear lips

a. Rotated crack

b. Skewed fracture

Figure 8. Skew-symmetrical shear lips.
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a. Rotated crack 
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t 
b. Cup and cone 

Fig11re 7. Sy mmetrical shear lips 

i 
b. Skewed fracture 

Fig11re 8. Skew-symmetrical shear lips. 
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Fracture

Path

r-rH

a. Relatively

Brittle Behavior

b. Relatively

Ductile Behavior

n
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I

Fracture

c. Net Section d. Very Ductile

Yield Behavior

Figure 9. Brittle and ductile fracture.
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Figure 9. Brittle and ductile fracture. 
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would be inaccurate to say that the ductile material has

a higher fracture toughness than the brittle material.

Flow Separation

One of the valuable developments of research is

the unexpected spin-off of ideas to another discipline.

In 1972, when the strain energy density criterion was

first advanced12 for analyzing the instability of solids

with cracks, it appeared that the same concept could be

applied to predict the separation of flow past solid

bodies. After all, the criterion of instability is in no way

restricted by the constitutive law of the continuum as

long as the phenomenon of instability prevails, whether

it be the sudden separation of a solid or a fluid. Since

prediction of surface separation in solids uses the stress

or energy state of the solid prior to separation, the

natural question is whether this approach can be applied

to predict fluid separation. Perhaps the idea was pre-

maturely disregarded on account of the classical notion

that fluid separation must necessarily be associated with

the presence of a viscous boundary layer. But then the

thin layer of viscous fluid may have little influence on

the instability of a fluid, just as in the fracture of a solid

where localized plasticity is known to have a negligible

effect on the critical load. It thus appears that the

inviscid flow around a solid body coupled with a crite-

rion of separation may provide sufficient information

to forecast separation. The criterion of maximum

potential energy density* originally developed for the

fracture of solid may be extended to flow separation and

reworded as

Separation occurs at the location

near the boundary where the rate of in-

crease of potential energy density is a

local maximum.

Some insights into this statement may be gained by

following a differential volume as it flows near a bound-

ary. The momentum of the volume will decrease due to

shear losses. It is the usual experience for flow along

solid boundaries to have an adverse pressure gradient

on the downstream side of the body. Momentum losses

make it impossible for the material volume to over-

come this steep potential energy barrier, and it is in this

region that separation occurs17. Thus, it appears rea-

sonable to anticipate that separation will occur where

the potential energy barrier is the steepest. Since

the potential energy expression cannot be determined

*For a solid, this is equivalent to the minimum strain energy

density criterion* discussed earlier.

analytically for many flows, it is easier to search for

minima in the rate of decrease of kinetic energy (T)

density. These are equivalent to the maxima in the

rate of increase of potential energy (V) density as a

result of the conservation of energy which can be

written (using the super dot to denote the derivative

with respect to time) as:

f + V = 0 (7)

The minima of T for several shapes of solids in a poten-

tial field have been obtained. The results for a circular

and narrow elliptic cylinder will be discussed.

When a uniform flow-field passes a stationary

circular cylinder, the theory predicts separation points

at angles ±125.26° from the forward stagnation point.

This is in total agreement with known experimental

results that show separation occurring between ±122°

and ±130° from the forward stagnation point18.

As the cylinder rotates, the separation points tend to

shift in the direction of rotation, as expected, until the

rotation speed is so fast that the flow along the lower

portion of the cylinder can no longer be established

and only one separation point occurs. This physical

situation was examined for laminar flow by Prandtl1 9

whose results show the same behavior of the separation

points as predicted by the Tmin criterion. The theory

predicts a narrower wake than Prandtl's, as would be

expected for turbulent flow.

Another interesting case is the turbulent flow

past an elliptic cylinder, Figure 10. An aspect ratio of

L/D = 6 is depicted so that the results can be compared

with the available data on airfoils. In the figure, the

points of separation are located by d± and 02 anc* P is

the angle of attack. The numerical values of 6Y and 82

for six different angles of (3 are given in Table 2.

Table II. Separation points determined by 0 l and 6 2

for an elliptical cylinder with L/D = 6

2.0° 171.10° -174.90° 7.0° 164.67° -177.93°

3.5° 169.35° -175.99° 8.0° 16.64° -178.56°

5.5° 166.76° -177.09° 12.0° 12.02° 179.68°

An important aspect of these calculations is the predic-

tion of stalling defined as the point at which the wake

suddenly increases in width causing a drop in the lift

coefficient. For the elliptical cross section with L/D = 6,

Table 2 shows a severe stalling at an angle of attack be-

tween 7° and 8°. Experimental studies on the R.A.F.

34 airfoil with that aspect ratio showed that stalling

occurred in the range of 12° to 14° angle of attack18.
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would be inaccurate to say that the ductile material has 
a higher fracture toughness than the brittle material. 

Flow Separation 

One of the valuable developments of research is 
the unexpected spin-off of ideas to another discipline. 
In 1972, when the strain energy density criterion was 
first advanced 12 for analyzing the instability of solids 
with cracks, it appeared that the same concept could be 
applied to predict the separation of flow past solid 
bodies. After all , the criterion of instability is in no way 
restricted by the constitutive law of the continuum as 
long as the phenomenon of instability prevails, whether 
it be the sudden separation of a solid or a fluid . Since 
prediction of surface separation in solids uses the stress 
or energy state of the solid prior to separation, the 
natural question is whether this approach can be applied 
to predict fluid separation. Perhaps the idea was pre­
maturely disregarded on account of the classical notion 
that fluid separation must necessarily be associated with 
the presence of a viscous boundary layer. But then the 
thin layer of viscous fluid may have little influence on 
the instability of a fluid , just as in the fracture of a solid 
where localized plasticity is known to have a negligible 
effect on the critical load. It thus appears that the 
inviscid flow around a solid body coupled with a crite­
rion of separation may provide sufficient information 
to forecast separation. The criterion of maximum 
potential energy density* originally developed for the 
fracture of solid may be extended to flow separation and 
reworded as 

Separation occurs at the location 
near the boundary where the rate of in­
crease of potential energy density is a 
local maximum. 

Some insights into this statement may be gained by 
following a differential volume as it flows near a bound­
ary. The momentum of the volume will decrease due to 
shear losses. It is the usual experience for flow along 
solid boundaries to have an adverse pressure gradient 
on the downstream side of the body. Momentum losses 
make it impossible for the material volume to over­
come this steep potential energy barrier, and it is in this 
region that separation occurs 17 

. Thus, it appears rea­
sonable to anticipate that separation will occur where 
the potential energy barrier is the steepest. Since 
the potential energy expression cannot be determined 

*For a solid, this is equivalent to the minimum strain energy 
density criterion• discussed earlier. 
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analytically for many flows, it is easier to search for 
minima in the rate of decrease of kinetic energy (T) 
density. These are equivalent to the maxima in the 
rate of increase of potential energy (V) density as a 
result of the conservation of energy which can be 
written (using the super dot to denote the derivative 
with respect to time) as: 

T+V=O (7) 

The minima of T for several shapes of solids in a poten­
tial field have been obtained. The results for a circular 
and narrow elliptic cylinder will be discussed. 

When a uniform flow-field passes a stationary 
circular cylinder, the theory predicts separation points 
at angles ± 125 .26° from the forward stagnation point. 
This is in total agreement with known experimental 
results that show separation occurring between ±122° 
and ±130° from the forward stagnation point18

. 

As the cylinder rotates, the separation points tend to 
shift in the direction of rotation, as expected, until the 
rotation speed is so fast that the flow along the lower 
portion of the cylinder can no longer be established 
and only one separation point occurs. This physical 
situation was examined for laminar flow by Prandtl1 9 

whose results show the same. behavior of the separation 
points as predicted by the Tmin criterion. The theory 
predicts a narrower wake than Prandtl's, as would be 
expected for turbulent flow. 

Another interesting case is the turbulent flow 
past an elliptic cylinder, Figure 10. An aspect ratio of 
L/D = 6 is depicted so that the results can be compared 
with the available data on airfoils. In the figure, the 
points of separation are located by 81 and 8 2 and (3 is 
the angle of attack. The numerical values of 81 and 8 2 
for six different angles of (3 are given in Table 2. 

(3 

2.0° 
3.5° 
5.5° 

Tabk /1. Separation poinrs determined by 8 1 and 8 2 
for an elliptical cylinder with L/D = 6 

81 82 (3 81 82 

171.10° -174.90° 7.0° 164.67° - 177.93° 
169.35° -175.99° 8.0° 16.64° -178.56° 
166.76° -177.09° 12.0° 12.02° 179.68° 

An important aspect of these calculations is the predic­
tion of stalling defined as the point at which the wake 
suddenly increases in width causing a drop in the lift 
coefficient. For the elliptical cross section with L/D = 6, 
Table 2 shows a severe stalling at an angle of attack be­
tween 7° and 8°. Experimental studies on the R.A.F. 
34 airfoil with that aspect ratio showed that stalling 
occurred in the range of 12° to 14° angle of attack 18

. 

Original from NRReviews 

UNIVERSITY OF ILLINOlc- A..,. 
URBANA-CHAMPAIGN 



Separation points

Uniform

flow

Figure 10. Flow past an elliptical cylinder with L/D

These results are consistent with those in Table II as the

airfoil is designed to delay stalling as long as possible

without a large increase in drag.

The prediction of external turbulent flow separa-

tion is a problem that has been extensively investigated

in the literature. Many criteria for calculating two-

dimensional separation points have been proposed and

most yield reasonable results. However, all of them

require tedious computations and experimental informa-

tion that make them impractical for design use. There

are relatively few methods for calculating three-

dimensional turbulent separation points, and those

that do exist are semi-empirical and yield marginal

results20.

The close agreement between Tmin predictions and

known experimental results is not coincidental. It is

believed that this criterion will accurately predict two-

or three-dimensional turbulent separation points on

solid bodies with arbitrary shapes. The ease of calcula-

tion makes this procedure a very powerful tool for

designing Navy vehicles.

What Lies Ahead

With the advent of large size computers, it is not

inconceivable that the future design of large size struc-

tures will rely more and more on numerical and/or

analytical calculations because full scale testing or

modeling is a costly procedure. Basic research in this

area should continue with increased intensity.

The mere computation of stresses and/or strains

in a solid is not sufficient. Realistic and sufficiently

general failure criteria should be incorporated into the

analysis so that redesign of structural members can be

accomplished very rapidly and economically on the

computer.

The ductile fracture phenomenon of rapid crack

propagation preceded by slow crack growth can be

modeled in three-dimensions using the finite element

method. The different increments of slow growth with

changing crack front shapes have been predicted15

by application of the strain energy density criterion. In-

corporation of the effect of plasticity makes the analysis

much more complex. Although the preliminary results

are encouraging, accuracy of the finite element proce-

dure still leaves much to be desired. There is no doubt

that the size effect observed in ductile fracture is now

understood and can be resolved. The time schedule will

depend very much on future funding in this area of

research.

The ability to control the path of crack propaga-

tion is a very useful concept. Large structures such as

airplanes or ships should be designed so that they can

release energy by stable crack propagation in a pre-

determined portion of the structure that is easily accessi-

ble for inspection and repair. Any attempts made to

avoid the occurrence of cracks completely can lead to

excessive constraint or to the use of high strength

Spring 1980

41

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r 

(U
n
iv

e
rs

it
y
 o

f 
M

a
ry

la
n
d

, 
C

o
lle

g
e
 P

a
rk

) 
o
n
 2

0
1

4
-1

0
-0

1
 2

0
:2

9
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/u
iu

g
.3

0
1

1
2

0
7

5
6

3
2

4
2

9
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le

Seperation poin11 

D 

I. 

11 

L Uniform 
flow 

Figure JO. Flow past an elliptical cylinder with L/D = 6. 

These results are consistent with those in Table II as the 
airfoil is designed to delay stalling as long as possible 
without a large increase in drag. 

The prediction of external turbulent flow separa­
tion is a problem that has been extensively investigated 
in the literature. Many criteria for calculating two­
dimensional separation points have been proposed and 
most yield reasonable results. However, all of them 
require tedious computations and experimental informa­
tion that make them impractical for design use. There 
are relatively few methods for calculating three­
dimensional turbulent separation points, and those 
that do exist are semi-empirical and yield marginal 
results 20

. 

The close agreement between Tm in predictions and 
known experimental results is not coincidental. It is 
believed that this criterion will accurately predict two­
or three-dimensional turbulent separation points on 
solid bodies with arbitrary shapes. The ease of calcula­
tion makes this procedure a very powerful tool for 
designing Navy vehicles. 

What Lies Ahead 

With the advent of large size computers, it is not 
inconceivable that the future design of large size struc­
tures will rely more and more on numerical and/or 
analytical calculations because full scale testing or 
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modeling is a costly procedure. Basic research in this 
area should continue with increased intensity. 

The mere computation of stresses and/or strains 
in a solid is not sufficient. Realistic and sufficiently 
general failure criteria should be incorporated into the 
analysis so that redesign of structural members can be 
accomplished very rapidly and economically on the 
computer. 

The ductile fracture phenomenon of rapid crack 
propagation preceded by slow crack growth can be 
modeled in three-dimensions using the finite element 
method. The different increments of slow growth with 
changing crack front shapes have been predicted' 5 

by application of the strain energy density criterion. In­
corporation of the effect of plasticity makes the analysis 
much more complex. Although the preliminary results 
are encouraging, accuracy of the finite element proce­
dure still leaves much to be desired. There is no doubt 
that the size effect observed in ductile fracture is now 
understood and can be resolved. The time schedule will 
depend very much on future funding in this area of 
research. 

The ability to control the path of crack propaga­
tion is a very useful concept. Large structures such as 
airplanes or ships should be designed so that they can 
release energy by stable crack propagation in a pre­
determined portion of the structure that is easily accessi­
ble for inspection and repair. Any attempts made to 
avoid the occurrence of cracks completely can lead to 
excessive constraint or to the use of high strength 
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material. The consequence of the latter could be

disastrous because of the possibility of catastrophic

brittle fracture.

A computer program should be developed to

incorporate the Tmin criterion for analyzing any three-

dimensional body shape propelled through air or water

or the combination of both. Such a program would

allow the designer to determine the vehicle shape that

will delay turbulent separation or reduce the size of

the wake that can greatly decrease this portion of the

drag. If this procedure proved successful, it could result

in a significant reduction of cost as compared to

the present-day design method. ■
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material. The consequence of the latter could be 
disastrous because of the possibility of catastrophic 
brittle fracture. 

A computer program should be developed to 
incorporate the Tm in criterion for analyzing any three­
dimensional body shape propelled through air or water 
or the combination of both. Such a program would 
allow the designer to determine the vehicle shape that 
wilJ delay turbulent separation or reduce the size of 
the wake that can greatly decrease this portion of the 
drag. If this procedure proved successful, it could result 
in a significant reduction of cost as compared to 
the present-day design method. ■ 
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Submersible Alvin Makes 1,000th Dive

The Deep Submergence Research Vehicle Alvin,

operated by the Woods Hole Oceanographic

Institution, made her 1,000th dive on January 15,

which also happened to be the 50th anniversary

of the organization of the Institution. The three-

person Alvin is a national research vehicle supported

by the National Science Foundation (NSF), the

Office of Naval Research (ONR), and the National

Oceanic and Atmospheric Administration (NOAA).

The sub's depth capability is 4,000 meters (13,124

feet).

Those participating in the 1,000th dive were

Alvin Chief Pilot Ralph Hollis, NOAA Geologist

Alexander Malahoff, and George Broderson, Alvin

crew chief and veteran of 16 years in the sub's

working group.

This was one of several dives for Dr. Malahoff's

studies of volcanic processes at the intersection of

the Ecuador Rift and two fracture zones, undersea

mountain structures just north of the equator in the

Pacific Ocean. The work also included examination

of the origin and growth of several seamounts on the

south flank of the Carnegie Ridge and erosional

processes around the seamounts.

The nation's first research submersible, Alvin

was constructed in 1964 under a Navy contract by

the Electronics Division of General Mills (later the

Applied Sciences Division of Litton Industries). The

sub's usefulness for work on the sea floor was proven

early when she participated in the search for and

eventually located a hydrogen bomb lost in the

Mediterranean off Spain following a 1966 plane

collision.

Since that time, as pilots have become increas-

ingly skilled at maneuvering the sub and a corps of

experienced scientific users has assembled, the ratio

of testing to working dives has moved heavily toward

the scientific. Alvin began as an engineering dream

with great potential and has become an important

Alvin coming into Lulu after a dive.

oceanographic tool much in demand.

Major users of Alvin are biologists and geologists

whose fields require considerable direct observation.

Increasing sophistication of sampling devices has

brought chemists into the user fold, and physicists

have made current and other measurements using

the sub. Work with Alvin has uncovered important

new information on ocean bottom sedimentation

and sediment movement and erosion, deep sea micro-

biology, communities of animals that live in the

sediments, and distribution of animals in the water

column. Long-term programs based on submersible

work have included microbiological and sediment

colonization research at bottom stations established

at 1,830 and 3,660 meters (6,000 and 12,000 feet)

and a series of expeditions beginning in 1974 aimed
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Submersible Alvin Makes l,000tb Dive 

T he Deep Submergence Research Vehicle Alvin, 
operated by the Woods Hole Oceanographic 

Institution, made her 1,000th dive on January 15 , 
which also happened to be the 50th anniversary 
of the organization of the Institution. The three­
person Alvin is a national research vehicle supported 
by the National Science Foundation (NSF), the 
Office of Naval Research (ONR), and the National 
Oceanic and Atmospheric Administration (NOAA). 
The sub's depth capability is 4,000 meters (13,124 
feet). 

Those participating in the 1,000th dive were 
Alvin Chief Pilot Ralph Hollis, NOAA Geologist 
Alexander Malahoff, and George Broderson, Alvin 
crew chief and veteran of 16 years in the sub's 
working group. 

This was one of several dives for Dr. Malahoffs 
studies of volcanic processes at the intersection of 
the Ecuador Rift and two fracture zones, undersea 
mountain structures iust north of the equator in the 
Pacific Ocean. The work also included examination 
of the origin and growth of several seamounts on the 
south flank of the Carnegie Ridge and erosional 
processes around the seamounts. 

The nation's first research submersible, Alvin 
was constructed in 1964 under a Navy contract by 
the Electronics Division of General Mills (later the 
Applied Sciences Division of Litton Industries). The 
sub's usefulness for work on the sea floor was proven 
early when she participated in the search for and 
eventually located a hydrogen bomb lost in the 
Mediterranean off Spain following a I 966 plane 
collision. 

Since that time, as pilots have become increas­
ingly skiJled at maneuvering the sub and a corps of 
experienced scientific users has assembled, the ratio 
of testing to working dives has moved heavily toward 
the scientific. Alvin began as an engineering dream 
with great potential and has become an important 
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Alvin coming into Lulu after a dive. 

oceanographic tool much in demand. 

Major users of Alvin are biologists and geologists 
whose fields require considerable direct observation. 
Increasing sophistication of sampling devices has 
brought chemists into the user fold, and physicists 
have made current and other measurements using 
the sub. Work with Alvin has uncovered important 
new information on ocean bottom sedimentation 
and sediment movement and erosion , deep sea micro­
biology, communities of animals that live in the 
sediments, and distribution of animals in the water 
column. Long-term programs based on submersible 
work have included microbiological and sediment 
colonization research at bottom stations established 
at 1,830 and 3 ,660 meters (6,000 and 12,000 feet) 
and a series of expeditions beginning in 1974 aimed 
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at better understanding of the theory of plate tec-

tonics, the idea that the surface of the earth is com-

posed of huge crustal plates that are in constant very

slow motion. A recent expedition to the Galapagos

Rift was featured in the November 1979 issue of

National Geographic magazine.

With the initial steel personnel sphere, Alvin

could dive to 1,830 meters (6,000 feet). A titanium

sphere installed in 1973 doubled the depth capability.

Alvin's early years were funded by ONR which owns

the sub and sometimes employs Alvin for inspection

of underwater structures. Beginning in 1974, the

NSF and the NOAA agreed to share the funding

with ONR.

Alvin is an elision of the two parts of Woods

Hole Oceanographer Allyn Vine's name. Well-known

as an innovative engineer, Vine is credited with firing

the enthusiasm of Navy powers for building the

sub and with participation in the craft's design. The

sub's mothership, Lulu, a 105-foot pontoon vessel,

is named for Vine's mother. ■

(Keith Kaulum, ONR)

Improved Hydrogen Maser Clock

With hydrogen maser clocks now routinely per-

forming near the theoretical limit set by thermal

noise, the devices have become the most accurate

frequency standard available to science. At room

temperature this performance corresponds to a

stability of six parts in 1016 measured over one-hour

averaging intervals. Such masers are currently being

developed and built at the Harvard-Smithsonian

Center for Astrophysics for very long base-line

interferometry and satellite-tracking applications.

The prospects for further stability have been

enhanced as a result of recent experimental tests

with a cryogenic atomic hydrogen maser. Successful

oscillation at temperatures down to 25°K was at-

tained recently. This was made possible by the

introduction of carbon tetrafluoride into the super-

cooled maser cavity, where it froze on the cavity

walls to form a surface similar to that of the Teflon

walls used in room-temperature masers. This coating

successfully preserved the phase of the oscillating

hydrogen atoms as they collided with the cavity

walls. At a temperature of 30°K the available stability

of oscillation was calculated to be below one part in

1016, a factor of six better than the hydrogen masers

currently in use.

Work is now under way to obtain oscillation at

4°K, with the stability expected to below one part in

1017. Frequency stability in this range could have

considerable interest for the development of Doppler

spacecraft tracking techniques for detecting very low

frequency gravity waves and other tests of gravity

theories.

This work is being pursued at the Harvard-

Smithsonian Center for Astrophysics by Robert

Vessot, Eric Blomberg, and Edward Mattison with

support by ONR. (Article from Transactions,

American Geophysical Union 60, July 17 (1979).

Other aspects of this work were reported in the June

1979 ONR Monthly Highlights.) ■

(Ted G. Berlincourt, ONR)

Electrochemical Polymerization on

Graphite Fibers Developed

Aproject concerning electrochemical polymeriza-

tion on graphite fibers has been completed at

Washington State University under the direction of

Professor R.V. Submaranian. The primary objective

of this investigation was interphase modification in

graphite fiber composites by polymer coating of the

reinforcing fibers, prior to composite fabrication, by

electrochemical techniques.

The investigation developed techniques of

electropolymerization on graphite fibers. The occur-

rence of polymer grafting to the fibers was estab-

lished. Indications were obtained of the influence of

the graphite fiber surface on the stereochemical

configuration of poly(methyl methacrylate) formed

electrolytically on the fiber. In addition to vinyl

polymerization, a number of novel electropoly-

merizations, previously unreported, were found to

occur. These were investigated to establish the

mechanism of electropolymerization and the struc-

ture of the polymer formed. The electroinitiated

polymerizations of aziridines, benzonitrile, phenyl-

acetylene, and 3-aminophenylacetylene belong to

this group; for the first time the occurrence of

electropolymerization through the opening of the

cyclic functional group, aziridine, and of C=N and

C^C bonds was established.

The properties of composites prepared from

the polymer-coated graphite fiber were studied. The

effect of the interphase polymer was found to be

manifested in modification of interlaminar shear

and impact strengths. The formation of interphase

polymer by electrodeposition of ionizable polymers
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at better understanding of the theory of plate tec­
tonics, the idea that the surface of the earth is com­
posed of huge crustal plates that are in constant very 
slow motion. A recent expedition to the Galapagos 
Rift was featured in the November 1979 issue of 
National Geographic magazine. 

With the initial steel personnel sphere, Alvin 
could dive to 1,830 meters (6,000 feet). A titanium 
sphere installed in 1973 doubled the depth capability. 
Alvin's early years were funded by ONR which owns 
the sub and sometimes employs Alvin for inspection 
of underwater structures. Beginning in 1974, the 
NSF and the NOAA agreed to share the funding 
with ONR. 

Alvin is an elision of the two parts of Woods 
Hole Oceanographer Allyn Vine's name. Well-known 
as an innovative engineer, Vine is credited with firing 
the enthusiasm of Navy powers for building the 
sub and with participation in the craft's design. The 
sub's mothership, Lulu, a I OS-foot pontoon vessel, 
is named for Vine's mother. ■ 

(Keith Kaulum, ONR) 

Improved Hydrogen Maser Clock 

With hydrogen maser clocks now routinely per­
forming near the theoretical limit set by thermal 

noise, the devices have become the most accurate 
frequency standard available to science. At room 
temperature this performance corresponds to a 
stability of six parts in 10 16 measured over one-hour 
averaging intervals. Such masers are currently being 
developed and built at the Harvard-Smithsonian 
Center for Astrophysics for very long base-line 
interferometry and satellite-tracking applications. 

The prospects for further stability have been 
enhanced as a result of recent experimental tests 
with a cryogenic atomic hydrogen maser. Successful 
oscillation at temperatures down to 25°K was at­
tained recently. This was made possible by the 
introduction of carbon tetrafluoride into the super­
cooled maser cavity. where it froze on the cavity 
walls to form a surface similar to that of the Teflon 
walls used in room-temperature masers. This coating 
successfully preserved the phase of the oscillating 
hydrogen atoms as they collided with the cavity 
walls. At a temperature of 30°K the available stability 
of oscillation was calculated to be below one part in 
1016 

, a factor of six better than the hydrogen masers 
currently in use. 
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Work is now under way to obtain oscillation at 
4°K, with the stability expected to below one part in 

101 7 . Frequency stability in this range could have 
considerable interest for the development of Doppler 
spacecraft tracking techniques for detecting very low 
frequency gravity waves and other tests of gravity 
theories. 

This work is being pursued at the Harvard­
Smithsonian Center for Astrophysics by Robert 
Vessot, Eric Blomberg, and Edward Mattison with 
support by ONR. (Article from Transactions, 
American Geophysical Union 60, July 17 (1979). 
Other aspects of this work were reported in the June 

1979 ONR Monthly Highlights.) ■ 

(Ted G. Berlincourt, ONR) 

Electrochemical Polymerization on 
Graphite Fibers Developed 

Aproject concerning electrochemical polymeriza­
tion on graphite fibers has been completed at 

Washington State University under the direction of 
Professor R.V. Subma.ranian. The primary objective 
of this investigation was interphase modification in 
graphite fiber composites by polymer coating of the 
reinforcing fibers, prior to composite fabrication , by 
electrochemical techniques. 

The investigation developed techniques of 
electropolymerization on graphite fibers. The occur­
rence of polymer grafting to the fibers was estab­
lished. Indications were obtained of the influence of 
the graphite fiber surface on the stereochemical 
configuration of poly(methyl methacrylate) formed 
electrolytically on the fiber. In addition to vinyl 
polymerization, a number of novel electropoly­
merizations, previously unreported, were found to 
occur. These were investigated to establish the 
mechanism of electropolymerization and the struc­
ture of the polymer formed. The electroinitiated 
polymerizations of aziridines, benzonitrile, phenyl­
acetylene, and 3-aminophenylacetylene belong to 
this group; for the first time the occurrence of 
electropolymerization through the opening of the 
cyclic functional group, aziridine, and of C=N and 
C=C bonds was established. 

The properties of composites prepared from 
the polymer-coated graphite fiber were studied. The 
effect of the interphase polymer was found to be 
manifested in modification of interlaminar shear 
and impact strengths. The formation of interphase 
polymer by electrodeposition of ionizable polymers 
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