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Man-Machine Interactive Analysis in Concrete Structures Using a Microcomputer

Une analyse interactive des structures en béton utilisant un micro-ordinateur

Mann-Maschine-lnteraktionsanalyse von Stahlbeton mithilfe von Microcomputern

SUMMARY An interactive mode of operation using a microcomputer for nonlinear
finite element analysis is presented. An example of how nonlinear phenomena can be
analyzed'using an interactive mode of computation is presented. The example predicts
the nonlinear formation of cracks in a loaded concrete block. The calculated results
closely resemble actual behaviour.

RÉSUMÉ
Cette étude présente une méthode d'opération interactive pour l'analyse non-lineaire
par éléments finis au moyen d'un micro-ordinateur. L'exemple d'application prédit la
formation de fissures dans un bloc en béton non-armé soumis à une charge uniaxiale.
Les résultats calculés correspondent au comportement réel observé.

ZUSAMMENFASSUNG
Eine interaktive Methode für nichtlineare finite Elementeberechnungen mit einem
Microcomputer ist gezeigt und auf das Beispiel der nichtlinearen Rissbildung in einem
Betonblock angewandt. Die Rechenergebnisse stimmen mit dem wirklichen Verhalten
gut überein.
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1. INTRODUCTION

Recent and drastic developments of electronics have made
inexpensive, but high performance, microprocessors available.
This has made it possible for individuals to control the whole
process of computer computation that previously could be handled
only by large computers that were not readily accessible. This
trend of using microcomputers for personal computation implies a

possibility that tue present inconvenient and cumbersome nature
typical of analysis for concrete mechanics may become manageable
and practicable. This paper discusses a "personal" method of
analysis with reference to an example of numerical analysis. In
the near future microcomputers will become a common tool for
engineers. When compared to large computers, the microcomputers
obviously suffer limitations in terms of computation abilities,
various functions, and memory sizes. But on the other hand,
because the individual users handle all - operations it might be
more practical than present methods of analysis using large
computers with the inconvenience of poor turn around time.
The current limitation in computation ability of microcomputers
will be reduced when the sixteen bit CPU that are already in
existence become more generally available. The numerical
computations described in this paper were performed on an 8-bit
CPU microcomputer. The finite element program used is called
FEMN (Finite Element Method of analysis for Nonlinear problems)
and was developed by Sakurai as a part of the development work
for NAPRA (Nonlinear Analysis Program Research Association).
Several reports have been published on application of
microcomputers for finite element methods of analysis, which
include works by Wilson [1] and Yamada [2].

2. HARDWARE OF MICROCOMPUTER SYSTEM

A microcomputer system for analysis is shown in Fig.l. The basic
requirements are a CPU with a memory unit, a display, a keyboard,
an extended memory and a printer. A plotter or other graphics
equipment is desirable. The memory required is about 64 k bytes
of RAM and about 1 M bytes for the extended memory for finite
element analyses. The capacity of this system can be expanded by
connecting it to a large size computer through a sonic coupler
and communication line.

3. CHARACTERISTICS OF MICROCOMPUTERS

The followings are meritorious features of microcomputers when
compared to common usage of large computers.

3.1 Creation of algorithms

The personalized computers can be used exclusive by an individual
or a small group of people. This makes it convenient and easy to
develop programs, to debug, or to correct algorithms. The
algorithms are portable when written in a common language such as
FORTRAN and therefore can be run on large computers.



K. MAEKAWA-J. YAMAZAKI - T. SAKURAI 337

3.2 Economy

The major operating cost of microcomputers is for electricity.
The initial cost for the system shown in Fig.l. is about 6,000 US
dollars, which is affordable for a small group of people or an
individual. This investment can be justified in the long term
from a view point that most of the time for research work the
microcomputers will be used for developing programs. The price
trend is expected to continue to decrease thus further reducing
the need to consider the hardware cost.
3.3 Interactive operation
The most obvious positive characteristic of computation by
microcomputers is the possibility of interactive operation, which
is particularly desirable, in nonlinear analysis. Interactive
operation accomplished, when using microcomputers, can be by
inputting various commands or data at intermediate stages of
computation. By knowing the results of the previous step(s) of
computation, intelligent modifications of boundary conditions or
load increments for the next step(s) can be made for example,
behavior of structure subject to hysteretic or time dependent
loading. Thus feedback of the analyst judgement at various
stages of the analysis process becomes very easy.

Fig.l Microcomputer system
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A. FINITE ELEMENT METHOD SOFTWARE PROGRAMMED FOR MICROCOMPUTERS

The limitation of 6A k byte of main memory dictates tight design
of the main program and an efficient use of the areas for
variables for computaion. Dynamic allocation of the area for
variables is essential if large size problems are to be solved by
the same program on large computers. A one dimensional common
array called "POOL" is used to perform computation and thus just
by changing the dimension of this array, programs of various
sizes can be run on large computers.
The common array is controlled by three subprograms named OPEN,
CLOSE and SEARCH. The data content in the POOL array is shown in
Fig.2.

COMMON ARRAY POOL
1 2 3 4 5 6 7 N» Ni N

N 2 y Ni Y* Ni

AREA TO BE USED DATA V DATA Y

Fig.2 Constitution of common array POOL

The number of the dimension of POOL array is stored in P00L(1),
and P00L(3) contains the top address of data sets which are
inputed. The name and the address of each data set is stored
starting at POOL(A) and continuing sequentially as requered. The
corresponding data sets are stored from the bottom of POOL.
The OPEN subprogram writes the names of the arrays to be opened
in the common data area, and reserves the memory area. Then the
data are trasferred to this area and processed. The CLOSE

subpogram deletes unoccupied variables area and packs the data of
the POOL, and the indices are modified as indicated in Fig.3.

COMMON ARRAY POOL
1 2 3 4 5 6 7 8 9 Na N? N, N

N 3 N: y Ni Y Na *2" Na — --

£
DATA Z" DATA V DATA "X"

DATA'X' IS .DELETED

1 2 3 4 5 6 7 Ni Ni N

N 2 Na Y Ni r Ni —

EXTENOEO AREA DATA'Z" DATA'Y'

Fig.3 Function of subprogram CLOSE

The SEARCH subprogram searches to find certain data in the common

area. Since the common area is controlled by these three
subprograms, it is only necessary to change the array declaration
of POOL to adjust for the various sizes of problems.
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The solution of the equilibrium equations is by the Cholesky
method incorporating the skyline technique and a modified
Newton-Raphson iteration.
The stiffness matrix is processed in-core, because data transfer
between the external files and core is time consuming.

5. MICROCOMPUTER CAPABILITY POR NONLINEAR ANALYSIS OF CONCRETE
MECHANICS

Utilizing the characteristics of microcomputers stated above,
three capabilities were devised for analysis of concrete
mechanics.
These are (1) Restart, (2) Split node, and (3) Relocatable node
capabilities.

5.1 Restart
INITIAI START

FEM PROGRAM j

DATA

FILE
OUTPUT (VISUAL)

ANALYST
NÇXT LOAD STEP

MODIFICATION OF
BOUNDARY CONDITION

Fig.A Flow chart of
restart procedure

The "Restart" capability means
the ability to suspend and
restart a sequential
computation, that is, the
latest results of incremental
computation are stored in the
extended file and then the next
increment of computation is
started. Input is allowed at
this stage for changing
theboundary conditions and
values and for incrementing the
loads or displacements.The
process is shown in Fig.4.
Thus the intermediate results
are preserved, at any stage
and as many times as requied,
until an appropriate load
found by repetition ofincrement or other conditions are

numerical simulation.
Such a process is useful and conveniently performed by the
interactive handling as indicated above.

5.2 Split node

For a representation in analysis model of cracks in concrete, a
formation of new surfaces or planes is more realistic than the
frequently used smeared crack representation^], [7] (altering the
stiffness of a whole element) because the behavior of certain
types of cone ete structures is significantly influenced by
formation of isolated cracks. Several reports[3],[5] have been
published on the analysis of concrete structures with cracked
surfaces. In this case, the analysis with initially cracked
element mesh can not calculate the inner stresses or strains when
the constitutive equations have parameters influenced by the
stress or strain history such as plastic strain. The following
formulations try to make it possible using two dimensional 3 to 8

variable node isoparametric elements.
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The nodes to be split in two to separate adjacent elements
representing crack formation are specified initially, and only
the locations in the stiffness matrices are reserved, see Fig.5.
Then, the nodes to be split are specified at the Restart, and the
B matrix and stiffness matrix are formed using the coordinates
before the split.

f N f s N V
1 Ui

V,
(U2)
(V2)

Ui
V,
Ü2
v2

i i d d
i i

I «

S / J
STIFFNESS MATRIX

AREA OPENED BUTNOTREFERED

A

1

B
• «

1 ^ i
A

»

1

B
» i

2

Fig.5 Split node

By this operation only the number of nodes is increased as shown
in Fig.5 but not the number of elements. Then the computation is
executed by letting the displacements for the split node (new
node) equal to those for the node before splitting. When a crack
is formed, the stresses and strains for all Gauss points in the
involved elements use the values for the previous step.
Hence, in general, the external and internal forces are not
equilibrated and the difference will be,

V=F-fffBt(rdv — (eq.l)
where. V= unbalanced nodal force vector

F external nodal force vector
B= strain displacement matrix
C"= stress vector

The next correction of nodal displacements will be,
dU=K"1V —(eq.2)

where dU= increment of nodal displacement vector
K= global stiffness matrix at each step

and so,
U=U+dll —(eq.3)
£=£+d£ --(eq.A)
<r=D(£,d£) —(eq.5)

where U= total nodal displacement vector
Et d£= total, and incremental strain vector
D= constitutive equations

The stresses (eq.5) are substituted into eq.l, and if the
quantity V is not as small as required, the next iterative
procedure must be executed using eq.2 through eq.5. Thus,
computation is repeated until the value V becomes as small as
required.
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5.3 Relocation of nodes or modification of finite element mesh

When cracking is to be simulated in a model by release of
connectivity of the variable node isopatametric elements, a

necessity arises for the orientation of a side of elements to be
altered to align with the direction of the propagation of the
cracks, or the mesh layout is to be modified each time when
required. Here, only geometric alteration of node positions
takes place but not the number of elements. When this procedure
is used the B matrices for the elements are corrected at the
Restart. Furthermore, since the Gauss points for evalution of
stresses and strains are altered, these stresses and strains need
to be corrected when moving the finite element mesh. Calculating
the stresses and strains at the next step, these are calculated
by use of the stresses and strains at the previous conditions.
But, when the mesh of the finite elements are altered, there is
no information at the new Gauss points so that the initial
conditions of iterative procedure must be corrected.

9—"9

l-i
GAUSS POINT
OF NEW MESH

GAUSS POINT
OF OLD MESH

NEW MESH OLD MESH

Fig.6 Correction of initial condition at each step due to
relocation of finite element mesh

In this example as shown in Fig.6, correction is made by letting
the nearest (in global coordinate system) Gauss points as an
initial conditions based on the Gauss points in the previous
computation step. Correction of nodal displacements is made by
calculating the displacements at the new points of altered nodes
with the interpolation founctions and nodal displacements of
previous computation step. If a perfect correction is made, V in
eq.l is equal to zero. But in actual case, the unbalanced nodal
force vector V appears by the modification of finite emement
mesh, so the nonlinear trial and correction procedure (from eq.l
to eq.5) is executed, and the initial condition of iterative
procedure is modified.
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The flow charts in Figs. 7 and 8 indicate a method for an
analysis including the relocation procedure and a method for
correction of stresses and strains at Gauss points. The three
procedures described above might appear cumbersome, but they can
be handled because the process is sufficiently flexible and
effective when installed on a personal computer systems. Such
capabilities interacted with human decisions, and thus a
synthesis of analyst and computer system enables a simulation of
crack propagation in concrete structures which has been difficult
to handle before.
The following is an analysis example.

INITIAL START

T
Hl FEM PROGR/Wl'-

INITIAL OTA

loUTPUTtVISUALlI

ANALYST
•RELOCATION OF FINITE ELEIVBVT

MESH

•SPLIT NOOES

IMODIFICATION PROGRAM,'-
DATA FILE CRACK OR NOT

DIRECTION OF CRACK

PROPERGATION ETC.

Fig.7 Flow chart of split node and relocation of finite
element mesh

Fig.8 Modification of initial condition of iterative
procedure for the next Restart
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6. SAMPLE ANALYSIS

A simplified example, as reported in Ref.[6], was made that used
the three computational capabilities stated above. A block of
concrete was loaded at the center through a top and bottom steel
plates as shown in Fig.9. The finite element mesh is shown in
Fig.10. At the start of computation, all the nodes were
specified to allow splitting at any node(s), and locations in the
stiffness matrices were reserved in memory. The boundary
conditions are indicated in Fig.10, and the top and bottom
surfaces of the plate are considered to displace equally. The
actual crack pattern is shown in Fig.11. The order for
integration was made equal to 2. The concrete was assumed to be
elastic, its modulus of elasticity Eq was assumed to be
3.06*10^ N/mm2, the poisson's ratio to be 0.2, and tensile
strength F^ to be 2.55 N/mm2. Other assumptions are a plane
stress condition and perfect contact between the steel plates and
the concrete block.

CD
CI CI

p • + • I >-PH <31

o o < <J

M <31

< <31

h-1

< <B

Fig.10 Initial mesh of Stage 1
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siF ilI

1588

606

539

(KN)

Fig.11 Actual crack pattern of a concrete block

Here, the decisions for the relocation of the mesh and the
selection of nodes to be split were made at each step by the
analyst interactively after a critical review of the intermediate
results.
Cracking was assumed to occur at a node nearest to the point
where the principal stress exceeded the tensile strength of
concrete Ft- Then the node was split and the boundary
condition was changed, and the mesh was altered so that the
orientation was aligned to the direction of the principal stress.

Stage 1 - Stage 3 ; Fig.12-1, Fig.12-2
when the displacement of Node 100,101,102 =-0.06mm(Y-direction),
the stress exceeded Ft at Gauss point A, and hence the boundary
condtion restraints for the nearest Node 1 was released to
represent cracking at restart(Stage 1). The restart resulted in
excess of Ft for the major principal stress at t e point B, so
that the Node 2 was made to be a free node(Stage 2). By the
release of the boundary conditions a flexural crack propagated as
shown in Fig.12-2.

Stage 3 - Stage 5 ; Fig.12-2, Fig.12-3
The restart resulted in excess of Ft for the major principal
stress at the point C, (Stage 3) consequently, the boundary
conditions for Node 3 was altered at restart(Stage 4). In the
same procedure as the upper stage, the first crack was extended
as shown in Fig.l2-3(Stage 5).
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Stage 5 -Stage 6 ; Fig.12-3, Fig.12-4
As a consequence of extension of crack, the principal stress
exceeded Ft at the point D.(the increment for displacements is
zero.)
Hence, Node 4 was split in Fig.12-4 and there a new node was
created to indicate the second crack formation(Stage 6).

Stage 6 -Stage 7 ; Fig.12-4, Fig.12-5
with the condition of displacement increment being equal to zero,
the unbalanced forces were distributed to the affected nodes.
Due to the resulting stresses, the principal stress exceeded F^
at the point E(Stage 6). Hence Node 5 was split and node 6,7 and
8 were relocated as shown in Fig.12-4.

Stage 7 - Stage 8 ; Fig.12-5, Fig.12-6
The second cracu extended, and the stresses were redistributed as
shown in Fig.5(Stage 7). Only the stress of point F exceeded
F^, therefore, Node 9 was split and then all major principal
stresses were lower than F^. Hence, a new displacement
increment -0.0026mm(Y-direction) was imposed to Node
100,101,102.

Stage 8 - Stage 9 ; Fig.12-6, Fig.12-7
Imposing the new displacement the major principal stress at the
point G exceeded Ft(Stage 8). This time, the direction of the
major principal stress was approximately parallel to the X-axis,
and therefore the node was split but the mesh was unchanged as
shown in Fig.12-7.
Stage 9 - Stage 10 ; Fig.12-7, Fig.12-8
By the split of Node 10, a third crack was formed. This time,
all principal stresses were lower than F^ so that the
displacement increment -0.0044(Y-direction) was imposed to Node
100,101 and 102. The resulting principal stress of points H and
I exceeded F^(Stage 9). Therefore, Node 11 was split by the
same manner as Stage 8 and 9.

Stage 10 ; Fig.12-8
The third crack was made using the function of split node and the
stresses were redistributed as shown in Fig.12-8, and the
reaction at the plate was decresed(Stage 10). The relationship
between the displacement at each stage and the reaction is shown
in Fig.13.
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STAGE 1

U=-0.06
R=496

where
U; DISPLACEMENT OF

NODE 100-102(MM)
R; LOAD(KN)

[ Fig.12-1 ]
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STAGE 7

U=-0.06
R=473

where

U; DISPLACEMENT OF

NODE 100-102(MM)
R; LOAD(KN)

; Fa

f
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i f

Ü
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[ Fig.12-5 ]

STAGE 8

U=-0.0626
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[ Fig.12-7 ]
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[ Fig.12-8 ]
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Fig.13 Calculated load-displacement relationship

7. CONCLUDING REMARKS

Because of the convenience of using microcomputers which are
rapidly becoming available to all engineers, the methods of
computation, which are different from those typically used for
processing on large computers, appear to be undergoing change.
In the near future it will be possible for engineers to analyze
complex concrete mechanics problems at their convenience at their
home or desk.
The possibility for improvement through new methods was
demondstrated by an example of analysis and computer system
presented in this paper. The improvement was made possible
because the engineer was able to use the microcomputer in an
interactive mode.
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