


INTRODUCTION

Presented in this paper is a brief description of STRESS
(Structural Engineering Systems Solver) which is a system for struc-
tural analysis by digital computer. It consists of a language which
describes the structursal problem and a processor which produces the
requested results. STRESS is a geners purpose system in the sense
that it is capable of analyzxa.m.—utdztugaanxﬂyof structurai types and
situations., The input lanuziga is problen—orijntod, i.e,, the only
problem description reqnir'd§is in engineering irather than computer
language. ! % } }

On the aqou-ptiéiﬁthn&m{hom!.adcihAa-ao&aiultaunﬁinal_ang1neer, a
few words con‘crning the genQrul nature of the istructural des!gn problem
appear to be fn order. : For ézanplo, consider. ?hl simple building
The ?olbers of this stf cturalisystem“may be
of steel, rei _ ; hd. are. Qigidly
connected at ihe Jointi. Thé objective qf desfgn is to evolvq a
structure-whigh will- sdpportgtha dapnuodkloudsx thout. .xcessive stress
or deformatiof and with nmxijun economy. ] §

The analdeis of the nnlitively c&nplo»tziilwin Fig. 1 tﬂﬁnires
the determination of 63 distinct force and moment components. This is
accomplished by the a&%"fﬁn ﬁ%&ﬂ-ﬁmr of eqaz%ions. Forty-two

of these are classified as equilibrium equations. The remainder express

frame shown 13 Fig.

p

the compatability of distortions between the various elements. The
total set of equations may be subdivided such that analysis requires the
solution of 21 simultaneous equations. It should be apparent that
rigorous analysis of a more sizable structure (e.g., & 20-story building
frame) requires an enormous amount of computation and data processing.
The problem is further complicated by the fact that the deformation
of the individual members and hence the compatability equations depend
upon the size and elastic properties of those members. Hénce design
must be an iterative process each cycle of which involves a new analy-

sis of the complete structure and a revision of the member sizes.
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Pg. 1 Rigid Building Frame
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He could become a programmer himself or he could turn the mly-u over
to a middleman who was a computer expert but probably did not fully
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A typical STRESS problem description is shown in Fig. 3. Although
the example is trivial it serves to demonstrate the simplicity of the
STRESS input langusage. »Tho input, which is completely shown in the
figure, can be i 3i"% matter of minutes. An analysis of this
structurewi_jhm__&auon would require approximately one hour,
Thus, eve¢n for tix:l.s very simple case, the use of a ecnutcr becomes
mratmmntthoiaput 5290 3 L Sxnand
uion.i numerfic data required and " REs Her
ageou‘" ) o
The :Lq;ortant point to be made in connection with iu. 3 is that

5
£
foem

the progga%ﬁ nsists,of Mnnrinc terms such ag. ;;gm“x ‘Hotay’ '] "member",

etc., An engineer trained in structural analysis can learn the STRESS
language in a few hours. lHe is then in a position to analyze by com-
puter the majority of structures which he encounters in practice. In
other words, the engineer who will make the design decisions is in
direct communication with the machine on his own terms. By this means
the use of computers in structural engineering becomes economical, not
only for the large, complex problems as at present, but for the routine,
day-to-day analysis which comprises the bulk of

network, FPenves joined Branin(2) in formulating and sc the
linear structural analysis problem using nouork theory. Qnothod of

10 Bﬁﬁﬂ 28084
analysis uséi’ 1K SHGSS 1s based on this wo 31

the method has
more recently been derived more explicitly by conapr“)-

The electrical net?ggt?nrégi%g&%ncgoa' 2pd nodes, with scalar

quantities being associated with the properties and variables. The
structural analogy to the branch is the member, the joint to the node,
The unknown at a point in s member is not a scalar, but a vector. The
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joint variables also are vectors. K The member unknown at another point
in the member is related, not by a linear transformation, but by a |
matrix transformation. PFPigure 4 illustrates the force msomm TRUTIENTC
from one end of a straight member to the other, with no torcu ’#ﬁ!fed”’”q ERAS
2 oL 40 Shﬁw”ﬂ
in between. The general force vector for the three du-nsigne],; 0 ¥ j
ture consists of three linear force components in an orth&oiif’fiiib& 30

2O QAU 30 %@qwﬁﬂ
and three -nunt components acting about the sxes. The nnorn!,,g-rpmr;r, OHT 3

Mt1°n MW‘Q\: size 6 x 6. Each column correspohiit'is 70" me
the é'olap Epofent on \theuwight side o!th.oqulttéh.ﬂ;‘ ;'

: "each r¢# 1s used for the computat m of the components on the - 755 , e: ?:
leftrpide. It can be shown that thg|displacement transformation is ii tod 8
similag and equal to the transpose the inverse of the force Xidnsi ’ mﬁ'f?.-r;
“formstivn, A foe =
‘l“bmtvork wMﬂlm us 3 readily deal mc.ptuu_y with : " i
vectors of different sizes for different typs of SLFURLNIIRa STy (09 3R IM

number of unknowns is then a function of the type, mzmd&@do‘ﬂ wEOKA

£N0AL %1 L, XAS
solution is not. When stated so simply this result may seem obvm.,f Toroxa E
but the fact is that for hand computation different methods uﬁﬁﬁhﬁi . mom‘;

U A
used for different structure types. As a mult, BADY CONPMEAE. PFO— A ; . (;lnL
grams have been written for the linear ansDyiis™@if’ Tiilived’ -mma&f“i $H ””7‘":

’r’m) 392 m rW‘IT')Mﬁ 230 ZTaAUL00
each treating only one of the types 1 fn 3y
Considering a displacement or stiffneas method of analysis, Table 1

also shows the -:l.ni.-u number of unknown vector components per joint

(7). For structural typemmWlerItIBRINNE spaey feime tie quifitions
for the analysis can oﬁﬁ;wﬁmgy Mﬁ&bﬁ- six equations

per joint required for the space frame, By taking consistent axes the
force and displacement components uo} shown in Table 1 are always zero
and need not be considered. These zexro values may be ocmitted from the
vectors and the corresponding rows and columns deleted from the trans-
formations. Figure 5 shows schematically the deletions for a plane
frame. Not only is the number of simmltanecus eguations necessary to _
solve held to a minimum, but almost all of the program is independent of
structural type, related only by JF, the joint displescement vector size.
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Force Transformation for a Straight Member
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Reduction of Transformation for a Pla.e iframe
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Table 1 Member and Joint Unknowns

{ son T - — JF
, I e , Number of
k 4 Type . .  Mewber Unknowss ' Join meA Joint Unknowns
! = o T ;
* Pl.bei Tl'llll ' .Fl o ‘ %3 Ul uz e o _,:.& r;
H '}." ' K\ - 'l‘r‘
‘ll.lne Frm §l"1 Fz l% o Uy Uz Ug / Z‘.i;’M },J‘" /o
i : SRR _‘. £ Y
arid! ’r3u1|ﬁz u304us,if ; 3 3
\lplbe&'i‘russ o Vo Uy Ug Uy 3
Space Frame Fy Fy Fq My “2 My Uy Up Uz Ug uﬁ.w.“_w,ﬂ.giu g

. Lt Ponorremmotaisn T eaavoy . 4
5 STRESS 15 :lntended to be an informative and easily nuﬁio struc-

i tural design tool. The designer then must be able to specify his
problem to the machine easily, rapidly and concisely. He should be
able to specify the problem as he thinks of it, not in terms of how
| .. the machine solves 1it. lhbqld bg aﬂo;ﬁomxﬂ ' protflq without
| % performing any computations Mx dats PWM . This 1@11.-
that the processor uu deal ‘{-w; mech guoge .4 ] n@?r.ly“ P
the genefatton ‘and -omu&n £ o analysis mm " Pot exémple} the ;“
f ?oqtmtionl relate mu-;im Jomi mMmﬂp ’
| variety of load typos considered by the dﬁl‘\u}. dﬂu
operate on joint coordinatés while the designer might refate geometry
to bays and stories, or spans. In the process of genersting and solving

i the equations, and in this pre-and post-processing the machine must
deal with-a‘gre#it dilotnt 6L @atsj MOesky incaridy sovi. . $he uhdmber

of arrays and their sizes are variable functions of the input data,

the structural type and size. The form and features of the STRESS

! processor are related to these problems and a desire that the processor
be a dynamic entity expandable by engineers,
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Figure 6. System Block Flow Chart
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PHASE 1A
PHASE 1B
MEMBER
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LOAD PROCESSOR

TRANS

ATKA

JRELES

SOLVER
BAKSUB
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Table 2

Program Blocks

PROCESS

Translation
Consistency check, Internal representation
Compute member stiffness matrices

Modify stiffness matrices for member end
releases

Process all types of raw load data into
equivalent joint loads

Rotate member stiffness matrices into global
coordinates

Generate symbolically structural stiffness
matrix

Modify stiffness matrix and joint loads for
Jjoint releases

Solve, matrix equation for joint displacements

Backsubstitute for other results and print.

Top

Monitor Use

Fixed Location
Variable Area

Scratch pad

Array
Data
Pool

System scalars

Problem scalars

Array reference
words

.

Programs

Monitor Use

| UGN Sy R

Bottom

Figure 7,

Core Memory-Layout
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space for, reference and use the arrays without requiring the location
of the array to be fixed or even oons;ti%%ﬁ%uring a part of the solutions
process. Figure 7 shows the norﬁﬁ:i qum%::i::qac--out for STRESS opera-
tion. A very small area (cbout 300 words) of fixed loe-tion variables
is included in upper cores - Fart of this ares contains codewords-hich
are used to reference the arrays. : Thssi:owibwords contain such Af~i_ 509
fomativi: 3+t arey’ size. ‘i docatdbn;ada or out of core. ALL

the pertinernt:infommstisn thr be: chengel:dp-progran control. The zms:::
maining: memoay: dowh to: the: top: el progremaénsists of & pool for 21271

arrays. When the pool is full, :|.ta ‘f’%hmtsod, using secondary

1S A A2 4 j: WHT T e ;‘{“‘ i
-torage. 5 AGEZBAD0OET e i

1100, SURS OF FFOFTIN, COMTALISS, B pIptem hae exceeded core
capacity. Pro‘m blocks must tham:be:ssapped during processing. 'I‘he
FORTRAN: Thiwi n! fanture;: with: moldfivations; 43 used for this purpose...i:
With each procran block there is a d‘iﬁ"%t top of programs, or
bottom of the pool " Thls i "}é}i&- h%ﬁ%m varying dats memby
clgpc}tz, pps},}y pcgogn,t_og fo wbg tg_ﬁo}{mﬁgwmmnor. A sligh 1 P
differspt. {oTR of. the Mepory is used with, tige-sharing, but this 13 ..
conceptuslly no different.

The use of explicit FORMAT statements gm that a programmer
know the form of an input éwrd-er_line before:Vecogaming the first
chailctir,: Inh ;mittcﬁ very rigid Wtﬁ%ﬁﬁv on character
post‘t!.?xglp 'Lli‘hrif.s*‘mxin&nsintont both,v;tn e TSt ‘
allows great. mu source p: | format and elegshtl output, and
the Pﬁdfﬁa&rz -é&pé of concepx. it u, necunrﬁi%iy ) Eo the en-
ginepr with a free and;ou? form of i.nput, free $3¥id fo:tnt and
great freedom in statement ordering. |

A single small subroutine was vrii:’t‘é'ﬁ"tb”%“ifﬁi’fiﬂéns on logical
(rather than physical) input fields, p’rtomsmtion’rr look~up,
binary conversion, etc. This routine i- called for mty logical data
field during translation of input data.by translation p#a‘rau written
in FORTRAN. The programmer then has th L ca

bIL. 19s usually
found only in a compiler or other uteﬁiﬁ”m‘ Ii%.gg programs.
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Table 3 R

Sample Problem Specification

00010 STRUCTURE .SAMPLE PROBLEM
V0U20 NUMBER OF JOINTS 8

00030 NUMBER OF MEMBERS 8

00040 NUMBER QF SUPPQRTS 3. .
00050 NUMBER OF LOADINGS '
0006V TYPRE -PLANE® FRAME -

00070 METHQD. STLIFENESS ..

00080 TABULATE FORCES, REACT!ONS
00090 JOINY CUOORDINATES - - -

e

00100 1 X =240, Y 240, FR&E
00110 2 X =240, SUPPORT
00120 5 X 0, S

00130 8 X .240. S

VU140 4 Y 240.

0UL5U 7 X 240, Y 240.
00160 3 Y 420,

00170 6 X 240. Y 420,

0Ul8U MEMBER INCIDENCES
00190 1 2 1 .

00200 2 5 &

09210 3 8 7

00220 4.1 &

00230 5 &4 7

00240 06 4 3

Uu250 7 7 6

VU260 8 3 6

00270 MEMBER PROPERTIES :
0u28u 8 PRISMATIC AX 10. IZ 3&0. -
VU290 4 PRISMATIC AX 10. 12 300.
UU3UU MEMBER PROPERTHES PRISMATIC
00310.1 AX 20. IZ 200, 4
00320 2 AX 20, 1Z 200.

0U330 3 AX-20s IZ 200, -

00340 5 AX_ 1u. 1Z 300.

00350 6 1Z 180, AX 20.

0U360:7 1Z°180. AX 20,

00370 CONSTANTS E 30000. ALL

00380 LOADING 1 UNIFORM
00390 MEMBER LOADS

VULUU. 8 FORCE Y UNLFORM

00410 4 FORCE Y UNIFORM
UUL20 5 FORCE Y UNLFORM
00430 LOADING 2 WIND FR
00440 JOINT LOADS

00450 b FORCE X =20,
UV4sby 7 FORCE X -20,
QULE0 SOLVE THIS PART

ALL BEAMS

-0.1
-V.1

-0yl 3
OM RIGHT
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statements prior to this co-nandrgon§¥itﬁgilﬁ §qﬁb}e%ofihd;¢c§siatent"
problem. N B ,':
For efficient use of time-sharing, the 1n?ﬂt!tﬁ“typod zn using
the CTSS monitor input program in a form ;hich“ﬂaﬁi38~q.m qccept and
execute, The remote console 1is usgd fpp\ ontroszhg fue pgoces’pr -
and for immediate correction of errors so as n&tﬁﬂb dll!r thQ'dcﬁign@~‘;
Answers to the specified problem are shoynlin Tﬁﬁfb 4. - -
The results show the forces acting on the manber eﬁds “and: acting
on the joints. With the solution of the member end IOrc!a, the member
is statically determinate, so that the forces agd=d$ferm&tions in the
interior of the member can be determined by elenantary mwthods. Up to
now the development of STRESS has concentrated- ew~tb¢ owprlkl*pnoblann,;

We are now, however, attacking such problems as the 1nterior :brces to

develop a more effective design aid. The joint loads on suﬁport*Joimta.
represent the reactions. While the difference between the éalpu}aﬁbd ‘
Joint loads and the applied joint loads gives a measure of fheiséluﬂ
tion accuracy. B -

The engineer may then wish to alter the prob}ap~ﬁow his downlop-’
ing design. In most cases the alterations wili bu a tdﬂE%QOn of the
obtained results which were not known‘during.croﬂtioﬂ od thé input
file. He might then describe the differences 1n“fhe new probIem to
the processor and obtain results for immediate QQQparist ;nd evalua-
tion of the merits of the tact of the design. Tiﬁie 5 Shbts ‘the
changes necessary to analyze the same structure with new mmmher propér~;
ties as suggested by the first analyq;s.' Tahla 6 shows thé erfects of
the changes. o

The STRESS system is in a continuing state of developmant. It is N
expected that its capability will be extgnded*to 1nc;uda dynqmic anaa
lysis, investigation of structural Stabiiity, and the b!havior of in-
elastic structures. It is hoped that ultimately STRISS w111 become ,
part of a larger system which will be an aid to. automatic Btructural
optimization,
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Table &
Sample Problem Resuits

STRUCTURE SAMPLE PROBLEM
LOADING 1 UNIFORM ALL BEAMS

MEMBER FORCES

MEMBER JOINT AX1AL SHEAR BENDING

FORCE FORCE MOMENT

1 2 10.545 -1.229 -92.6U4
1 1 -10.545 1.229 ~202.414
2 5 38.982 0.481 by, 045
2 4 -38.982 ~U.4381 71.438
3 8 22.473 U.748 65.663
3 7 ~22.473 =0.748 113,813
4 1 1.229 1u.545 202,414
i 4 -1.229 13,455 =551,690
5 L4 -1.846 13,366 628.394
5 7 1.846 10.634 =300,563
b 4 12.161 =2.594 ~148,203
b 3 ~12.161 2,594 -318.751
7 7 11.85%9 2.594 186,750
7 b -11.839 ~2.5494 280.204
3 3 2.594 12,16l 518.751
) b -2.594 11.839 -280.,2004

STRUCTURE SAMPLE PROBLEM
LOADING 1 UNIFORM ALL BEAMS

JUINT LOADS

JOINT X FORCE Y FORCE MOMENT
SUPPORT REACTIQNS

Z 1.2292 10,5447 -92.6044
5 -0.43814 38,9819 Lh, 0448
3 ~0.7478 22,4734 65,6634

APPLIED JOINT LUADS
1 -0.00u0 v.0000 -0.0000
5 V.0u0u u.uuuy U.utou
4 J.oulu -u.0uuuy -U.uuuu
b -u,00u0 U.uiuu =0.,9000
7 U.0u0u u.uguou =u.gu0u

STRUCTURE SAMPLE PROBLEM
LOADING 2 WIND FROM RIGHT

MEMBER FUORCES

MEMBER JUINT AXIAL SHEAR BENDING

FORCE FCORCE MOMENT

1 2 11.185 =13.334 =1776,267
1 1 -11.19% 13,334 =-1423,969
2 5 10,377 ~14.732 -13890.313
2 4 =10.377 14,732 =lbhb,392
3 8 =21.573 -11.934 -1659.204
3 7 21,573 11.934  -1194,941
i 1 13,334 11.195 1423,969
4 4 -13.334 -11.1495 1262.902
5 4 l6.467 13,385 1434 ,174
5 7 ~lb.4b67 -13,385 1778.188
b 4 g.188 =11.599 -1051.684
] 3 -3.13% 11,599 =-1lusb.215
7 7 -3.183 =%, 401 =583.247
7 6 3.1838 3.5401 -928.3867
) 3 il.600 3.188 1036.215
[ b ~11.6U0 -8.138 928.867

STRUCTURE SAMPLE PROBLEM
LOADING 2 W!dD FROM RIGUHT

JUINT LUADS

JOINT X FORCE Y FORCE MOMENT

SUPPUORT REACTIONS

2 13,3343 11,1953 =-1776,2675
5 14,7321 10,3774 -1890.3127
8 11.933Y =21.5727 -16b9,2038
APPLIED JOINT LOADS

1 u.uouv -u.oduu =0,0000
3 U.uuol J. -0.000u
0 -u.0uu2 U.yyuu -u.00v00
&} -Z2u.00ul -dJd.0ugu -J.0uuu
7 -20.00uU1 [UPRIVIVY) -4d. 0000

PART 1 OF PROBLEM COMPLETED.
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Table 5 7
Modification Specifications

STRESS IS READY FOR INPUT,
TYPE )
modification of first part - second cycle for member sizes
TYPE

changes

member properties prismatic

TYPE

1 iz 800,6

TYPE

2 iz 889.9

TYPE R

3 iz 800,6

TYPE

4 iz 583.,3

TYPE

5 iz 800.6

6 iz 4L4G.3

TYPE

7 iz 339.2

TYPE

8 iz LL6,3

TYPE e e
solve

PROBLEM CORRECTLY SPECIFIED., SOLUTION WILL PROCEED.
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Modification

.21

Results

STRUCTURE SAMPLE PROBLEM
MODIFICATION OF FIRST
LOADING 1 UNIFORM ALL BFAMS

MEMBER FORCES

MEMBER JOINT AXTAL

0000 D MUV F & WIWNN b

FORCE
10.982
-10.982
38,177
-38.177
22,841
-22.841
1.729
-1.729
-1.,831
1.831
12,166
-12.166
11.834
-11.834
2,848
-2.848

DWW E E &2~ V=N

PART - SECOND CYCLE FOR MEMBER SIZES

SHEAR
FORCE
-1.7
1.7
0.7
-0.7
1.0
-1.0
10.9
13,0
12.9
11,0
-2,8
2.8
2,8
~2.8
12,1
11.8

STRUCTURE SAMPLE PROBLEM

MODIFILCATION OF FIRST PART -

LOADING 1 UNIFORM ALL

JOINT LOADS

JOINT

oo wv N

~ O F W

X FORCE Y

1,7293
-0.7123
~1.0170

-0.0000
0.0000
-0,0000
-0.,0000
0,0000

BFAMS

FORCE
SUPPORT
10,9823
38,1766
22.8411
APPLIED
0,0000
0.0000
-0.,0000
0.0000
0.0000

STRUCTURE SAMPLE PROBLEM

MODIFICATINN OF FIRST PART =

LOQADING 2 WIND FROM R

MEMBER FORCES

MEMBER JOINT AXTAL

00 €0~ ~d OV O UT LT 4E & W W RN bt s

FORCE
9,680
-3.680
11,910
-11.910
-21.589
21.589
12,474
-12.474
16.769
-16.769
7.487
-7.487
-7.487
7.487
11.384
-11.384

VWO NN E G EFEF Ry &=

1GHT

SHEAR
FORCE
-12.4
12.4
-15,6
15.6
-11,8
11,8
9.6
~3.6
14,1
-14,1
-11.3
11.3
-8,6
8.6
7.4
=7.4

STRUCTURE SAMPLE PROBLEM
MODIFICATION OF FIRST PART -~ SECOND CYCLE FOR MEMBER SIZES
LOADENG 2 WIND FROM RIGHT

JOINT LOADS

JOINT

oo Ut R

O E W

PRORBLEM

X FORCE Y

12,4739
15.6795
11.8466

0.0000
0.0000
0,0000
-20.0000
-20.0000
COMPLETEN,

FORCE
SUPPORT
9.6795

11.9090
-21.5892
APPLIED
0.0000
0.0000
-0.0000
-0.0000
0.0000

BRENDI NG
MOMENT

29 -127.062
29 -287.964
12 68,235
12 102,705
17 92,710
17 151.376

82 287.964
18 ~532.213
83 585,341

07 -347,003
L8 -155.832
48 -356.873
48 195.627

48 317.073
66 356,873
34 -317.079

SECOND CYCLE FOR

MOMENT
REACTIONS
-127,0625
68,2353
92,7096
JOENT LOADS
0.0000
0.0000
-0,
-0.0000
-0.0000

SECOND CYCLE FOR

BENDING

MOMENT
74 -1790,689
74 -1203.048
80 -2144,816
80 ~-1618.268
47 -1760.015
47 -1083.169
80 1203.047
80 1120.039
03 1590.743

03 1793.879
84 -1092,514
8L -956.,610
16 -710,710
16 ~840.170

87 956.610
87 840,170

MOMENT
REACTIONS
-1790,6834
-2144,8164
-1760.0153

JOINT LOADS
-0.0000
0.0000
0.0000C
0.0000
-0,0000

MEMBER SIZFES

MEMBER STZES
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The development reported herein is the work of 'a ‘group within
the Civil Engineering Dopartu.nt at H,I.T. qucial -eaeddt.-ds due
Prof. S. J. Fenves of the University ot Illﬁnoﬁl who'was :a visiting
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responsible for the initial- concept.;

The STRESS project has: hqen pa:tiqlly lupported Xron a major
grant for the improvement o! cngineqrinz eduettion lﬂde tb M.I.T. by
the Pord Foundation. Addittona; support waa.pmovidod by Project MAC,
an M.I.T. research progranm, sponsored by tho Aﬂvancod Rotbarch Project
Agency, Department of Defense, under Ot!ieo/ot Huvll lq'.trch, Contract
No, Nonr-4102(0l1). Reproduction in whole or 1n plrt 1ilpornitted for
any purpose of the U.S. Governnent. The work was done in plrt at the
M.1.T. Computation Center, and the aid nnd suppnrt ot the CQnter and
its personnel are gratefully qcknewlodgad.
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