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A Design-Oriented Model of Plate Forming for Shipbuilding

David Hardt,” Andrew Wright,' and Edward Constantine’

Ship designers as well as product designers in generaf are most concerned with the function and form
of the design, and typically cannot pay adequate attention to the manufacturing consequences of their
design decisions. Much of this problem can be alleviated by providing the designer with new tools that
allow easy, yet thorough exploration of material and process options as part of the design process.
This paper presents a protolype of such a tool, aimed at providing process information about bending
and rolling of plate. The model presented is derived from first principles of mechanics and can provide
a plethora of information. However, the unique aspect of this work is the development and presentation
of design-oriented information, such as optimization tradeoffs of process/material selection, and process
control options ranging from purely manual to mechanized to fully automatic.

Introduction

"IN SHIPBUILDING, as in general manufacturing, it is often
difficult to address process-oriented issues at the design stage.
The designer’s efforts are generally focused on the form and
function of the marine structure, and little attention is paid
to evaluating how design decisions affect the actual ship-
building. Ship designers have very few analytical tools with
which to evaluate these process-oriented effects. The hy-
pothesis here is that given appropriate process simulations,
a designer could make choices which would also reflect fab-
rication considerations. This work concentrates on develop-
ing such tools.

The current scope of this research invelves plate cutting
and forming processes. Functional models have been devel-
oped for the processes of sequential bending and roll forming
of metal plate for submarine hulls, and ongoing work is also
directed at modeling typical plate cutting processes. A de-
tailed discussion of the sequential bending model and its ex-
perimental verification is included in this paper along with
a short description of the roll bending model.

It is essential to provide process models which, in an in-
teractive format, allow the designer to accomplish several
related tasks. First, the models permit a “single run” sim-
ulation of the process in which output geometry, stress state,
and deviation from specifications can be evaluated for a par-
ticular set of input parameters. As an extension of this anal-
ysis, the models allow for “multiple run” process simulation
in which typical control algorithms from operator control to
fully automatic process control can be modeled and evalu-
ated. Finally, the process models have been integrated into
a wider evaluation scheme in which output data are used to
generate sensitivity curves. From these curves, the designer
can determine regions in which the process is less sensitive
(that is, more “robust”) to variations in machine and ma-
terial parameters. This set of information is of considerable
value at the design stage. Constructive application of sim-
ulation information should result in a more successful de-
sign that is both easier to fabricate and less likely to deviate
from specifications.
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Design-manufacturing integration

The research presented herein looks at the issue of design-
oriented process simulation. This specific area of work is fo-
cused on plate cutting, forming and limited fixturing, As
previously discussed, the specific intention is to create a pro-
totype tool with which the designer can take fabrication con-
siderations into account at the design stage. This effort is
part of a larger Office of Naval Research (ONR) sponsored
project at Massachusetts Institute of Technology (MIT) which
is concerned with the general issue of design-manufacturing
integration in shipbuilding. This project also includes the
modeling of welding distortion [1]* and complex fit-up [2]. In
addition, computer-aided design (CAD) issues are addressed
with the intention of providing better methods of represen-
tation for the complex geometries encountered in hull design
{31. Figure 1 illustrates how this work combines with that
of fixturing and distortion modeling.

The application of process models and simulations by the
designer permits the prediction of part geometry, and more
importantly the prediction of deviation from desired geom-
etry. This information is of significant interest when looking
at the issue of fit-up for assembly. Proper process investi-
gation can significantly reduce the fit-up effort. Also, the
evaluation of sensitivity functions allows the designer to
“discover” tradeoffs in the process and use them to advan-
tage. These sensitivity functions can also be used to mini-
mize forming error, as they would facilitate a choice of pro-
cess operating -point that is less sensitive to parameter
variations such as changes in material properties.

Process models

In describing the modeling aspects of this work, it is es-
sential to make the semantic distinction between the terms
“process model” and “process simulation.” In describing a
process model, one generally refers to an analytical tool de-
veloped from first principles that allows for the prediction of
process output characteristics for a given set of input pa-
rameters. In this case, a model accurately predicts the ge-
ometry and state of stress of a bent plate, for a given set of
inputs (machine geometry and material properties). One can
incorporate the model into a process simulation by looking

*Numbers in brackets designate References at end of paper.
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Fig. 1 Integrated weldment design system

at the actual steps involved in “using” the process at the
shop floor level. Here, one would examine the sequence of
steps involved in bending a plate to a desired radius. This
could, for example, involve an operator control algorithm
(bend, measure, rebend) or an adaptive control scheme (bend,
measure, then use this information to more accurately pre-
dict performance by reestimating material parameter val-
ues). Also, one could apply the model to a closed loop, real
time control scheme such as discussed in Hardt and Chen
[(4]. Thus, the simulation program incorporates a process
model and a measurement model into a parent program which
follows a particular control algorithm.

The sequential bending and roll forming models have been
designed so as to permit a "non-zero” initial geometry and
state of stress for the plate being bent. This feature allowed
for the development of a plate bending simulation which
makes use of these fundamental forming models. This sim-
ulation is of significant value to the investigative designer.

User-interface programming has been added to the sim-
ulation to permit the easy modification of model input vari-
ables and a clear display of graphic data. This interface was
written so as to be model independent, making it flexible for
future use. The graphics facilities have been implemented
on a DEC VaxStation 3200 in the Ultrix/X-Windows envi-
ronment, with all programs written in “C.” Figure 2 illus-
trates the overall arrangement of the process model in an
integrated process simulation program, and Fig. 3 shows the
basic display screen available on the engineering worksta-
tion.

Sequential bending model

The process of plate bending to achieve a circular hull sec-
tion involves creating a series of overlapping plastic defor-
mation zones to achieve an acceptable average curvature.
However, unlike roll bending, this process will not produce
a uniform curvature with arc length, but will instead result
in a periodic variation in curvature about an average value.
The following model has been developed to allow a process
designer to examine the effect of machine geometry, bend
line spacing and punch penetration on both the average and
continuous curvature distribution along the arc length of the
part. To assess the amount of yard-level control that will be
necessary to achieve tolerance on a part (or alternatively the
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Fig. 2 Simulation block diagram
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Fig. 3 Sample simulation screen

achievability of a part tolerance), the model is used as well
to calculate local gradient in outputs with respect to process
parameters of material yield strength (c,) thickness (f) and
machine control accuracy via the punch displacement (Y ,).

The geometry of the bending process is simple three-point
beam bending as shown in Fig. 4. As the punch penetrates
into the workpiece, the maximum bending moment (under
the punch) increases. If a linear moment distribution with
are length is assumed (as done in all similar bending anal-
yses [5,6,7]), then a corresponding loaded curvature distri-
bution can be found given the basic constitutive relationship
for the material, which for bending is the moment-carvature
relationship. (Note that the latter is typically derived from
stress-strain information assuming simple beam theory and
pure moment bending. Although the influence of large de-
flections and transverse shear is important, it is assumed
herein that such effects are of second order to this analysis.)

The bending model used here starts with a given machine
geometry (die half-width o) and material properties (based
on a linear strain hardening material model with elastic
modulus E,, plastic medulus E,, and yield stress o), and is
then driven by a specified punch penetration Y,. The max-

s LINEAR MOMENT
OISTRIBUTION
Fig. 4 Basic geometry of bending
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imum moment M., is then matched to Y, by an iterative
series of calculations that integrates the curvature to find
the center point deflection. Given M., and the resulting
linear moment distribution across the plate: M(s), the M-K
relationship can be applied to find the corresponding loaded
curvature K,(s). Finally, the unloaded curvature distribu-
tion, K ,(s) is found by applying an elastic moment of equal
and opposite magnitude to the original load to account of the
elastic springback. Thus we obtain:

Mis)

K. (s) = Ki(s) —

2

where S, = EI{1 — % is the equivalent bending stiffness of
the plate section.

The key output of the model at this stage is, therefore, the
curvature distribution K,(s) that results from a single bend.
A typical result is shown in Fig. 5 where the effect of spring-
back is evidenced by the lack of permanent curvature change
at the periphery of the die region. Also shown in the figure
is the superposition of a sequence of identical bends to pro-
duce the desired average curvature. However, this figure does
not accurately represent the process of deformation overlap
that is the heart of sequential bending.

To appreciate this effect, consider the problem of the first
few bends of a flat plate. After the first bend, the plate now
has some initial curvature (Fig. 6). When it is incremented
along the line of curvature, and the next punch penetration
oceurs, two important changes have occurred. First, much of
the material that will be plastically deformed was also de-
formed on the previous step, and has potentially undergone
strain hardening and certainly contains residual stresses.
More importantly, the point of contact of the punch on the
plate is lower than for a flat plate, and since the process is
controlled on the basis of absolute punch position, this means
a lesser effective penetration for a preformed piece than for
a flat sheet.

Such effects must be included to properly simulate this
process, as the curvature distribution of Fig, 7 illustrates.
Here a fixed punch penetration has been used for successive
bends. The above effect is immediately obvious since the first
“bump” is of high magnitude {since the plate was flat) and
the next bump is smaller owing to less “effective” penetra-
tion. Then a steady state is reached as each sequence leads
to a consistent initial geometry.
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Fig. 5 Single bend curvature distribution
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As currently implemented, the model accepts a punch pen-
etration and a bend spacing as inputs, the prebend plate cur-
vature and residual stress state as in-process inputs, and
produces outputs of curvature distribution, K(s), part ge-
ometry, (x,y), and residual stresses, o7y,5). The model pa-
rameters include the plate properties (modulus, yield point,
thickness, and strain hardening properties). This model
structure is shown in Fig. 8.

The analytical details of the model and its solution details
are found in [8]. However, the basic structure of the solution
is shown in Fig. 9, where the multiple iterative solutions are
shown. These are necessitated by the indeterminate nature
of the punch penetration-plate curvature relationship.

A typical set of results from the model is shown in Fig.
10. Here, a sequence of five bends spaced 1 in. apart on
Y15 in, HY 80 is simulated. The punch penetration is fixed at
0.25 in. and is kept constant. Thus, following the above def-
initions, this is a use of a model rather than a simulation,
since the latter would vary penetration to achieve a desired
curvature. Figure 11 shows the net effect of all five bends
in Cartesian coordinates.

JOURNAL OF SHIP PRODUCTION



Initial lxcs),O; s)

Punch Penetration (Yp)’ Curvature K(s} ’
Hump Spacing (Sb) >l BﬁgglENLG Residuat Stress  oyp{ys)
Nede] Phrameiecs
(9%, £, Ep,t ,0)

Fig. 8 Bending model structure

Reod in Parameters,
Desired Bump Spacing
Nurmber of Bumps, Yp

‘ Compute
Initicl Geometry

Compute My ey
Compute K(s)

I Update K(st) !

Comnpute 92
Contoct
Geometry

Is Yp = (Yp)des

I Compute Springback I

Go To Naxt Burmp

Fig. 9 Bump forming model flow chart

Finally, the model is used to generate sensitivity functions
that will béised to aid a designer in choosing operating points
“for the process that minimize output variations. The itera-
tive calculations preclude analytical gradients, and thus lo-
cal gradients must be explicitly calculated by perturbing the
appropriate process parameter and observing the resulting
outputs change. This must then be repeated for each param-
eter and is valid only at a given operating point (that is,
machine geometry and desired curvature). The following
gradients have been generated:

AK,,, AK,. AKu.
At Ag, AE,
Aer Aeg Aeg
At As,  BE,

(where eg is defined as the deviation in radius of curvature).

NOVEMBER 1990

a.'eel (‘) . "fa“.‘o&a}?' v
o8 EPRTY 4
2t ezt
a0 - i paoi
o8t a. 15%
foge .1e g—
L g.e 1
J,mt R S 1)
-2 [ 2 4 B ] il Ht Y -2 [+] 2 - & a w
peer &7
.00 9 | om
'~'~‘°jl‘ k c.aet
°'”1’ a.a'r 9
2 zw;r 1 et ,
oSy 1 e.s
oapk { o mi{ 1
st {1 s.0s
oot ..s] b $
- o 2 . 1] -] 1@ 12 -2 o 2 Ll € B -} 2
Kig) 2.+

0.3

0.3

0.2

["R-Y)

[ +-1

8.10

X L

0.0 L2

» 9 2 s 6 & m. 1¥4 s
Arc Length
Fig. 10 Sequence of five successive bends
2.9 T T u 3
Yiin) R
is + R
-0 i 1 n N X(itﬂ_‘ i
2 2 4+ 6 8 10 12

Fig. 11 XY profile of part

By far the most sensitive quantities are those relating to
thickness and plastic modulus (since strain hardening has a
strong influence on the size and shape of the plastic zone
during bending). Figure 12 shows typical functions for cir-
cularity and K,,,-thickness variations as a function of punch
penetration. This figure indicates, for example, that when
thickness variations are significant (as they can be with thick
plate), there is an optimal punch depth/bend spacing (which
is related to punch depth for a given radius) that minimizes
both average curvature circularity errors. '

Figure 13 illustrates the effect of changes in plastic mod-
ulus of the material on the radial or circularity error. This
measures the effect of changes in the work hardening of the
material on the resulting variation in curvature. Notice again
the strong dependence on the operating peint (punch pene-
{ration), which in this case favors the choice of a shallow
punch penetration.
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The model presented herein for sequential bending can be
used for several purposes. One use demonstrated here is to
study process sensitivity to parameter variations. This in turn
can be used to develop a statistical picture of the expected
variation of the process outputs. For example, the parame-
ters can be described by probability distributions and these
in turn can be propagated through the model using the sen-
sitivity gradients to develop a measure of the output’s vari-
ance.

As previously discussed, this model can be incorporated
into a process simulation, which facilitates broader explo-
ration of the process. By evaluating the results of simulated
process steps, the designer can obtain information about pro-
cess behavior in general, and particularly about the trade-
offs which are involved in process optimization.

Experimental verification

The sequential bending experiments were performed on a
Cincinnati Inc. 90-ton pressbrake. A positive stop system was
added to the machine to permit exact control of punch pen-
etration. The workpieces used were 6 X 21 X !/-in.-thick
HY80 high-strength steel. The objective of the experiments
was to bend several pieces to a radius of 18 in., with a 30-
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deg arc of approximately constant radius. It should be noted
that this radius measurement refers to the radius of the bent
plate, measured by a template, without taking the “head”
and “tail” of the piece into account. Figure 14 illustrates the
die and workpiece used in this experiment and the steps in-
volved in bending a plate.

In bending the plates, an “operator control algorithm” was
used. Specifically, a given piece was first bent using a fixed
punch penetration over a sequence of evenly spaced bends.
The punch penetration was then incremented for the next
bend. The amount of penetration change was chosen intu-
itively, by the “operator” with the intention of “sneaking up”
on the desired radius without overbending. During each ex-
periment the bump spacing and sequence of punch penetra-
tion values were recorded. Measurement of each radius was
done using radius templates.

To verify the model, the exact sequence followed in each
experiment was simulated. This involved starting with ma-
terial properties values gleaned from a series of tension tests
performed on the same material, and applying exact mea-
sured values of plate thickness, initial geometry and ma-
chine geometry to the computer model. After each simulated
bend, a measurement program was used to fit a circle to the
plate’s geometric data. This radius was then compared with
the measured intermediate and final radii found experimen-
tally. For each bend, the previously calculated state of ge-
ometry was used as an initial description of the plate.

This sequence of steps was carried out for three pieces. In
each case, the punch penetration sequence was varied, so as
to investigate the effects of changing the bending history of
the plate. Tables 1 through 4 give the data obtained for this
sequence of three confirmation experiments. From Table 2
it is apparent that the model, as initially calibrated, did not
provide accurate predictions of the forming tests. However,
as implied by Table 3, this discrepancy was overcome by
modifying the initial calibration data, specifically the ma-
terial properties of yield and strain hardening. These are, as

Advance Piece
(efler each bump)

\
N

Fig. 14 Press brake and sequential bending illustration

Table 1 [nitial mode! calibration data

Plate thickness = 0.278 in.
Plate width = 6.0 in.
Plate length =210 in.
E = 3.0e10’ psi
E/E = (.15

g, = 90,000 psi
¢ {die half-width) = 24 in.
Y, g)unch penetr.) = VARIED

ABS (bump spacing) = 1.25 in
No. of bumps = 11
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Tabie 2 Experimental results and initial model predictions
(dimensions in inches)

Plate - Rav
No. Bend Y, (exptl.) {model)
01 1 0.204 21.1 15.70

2 0.220 20.9 15.70
3 0.236 20.1 15.68
4 0.268 18.0 13.77
02 1 0.173 22.0 18.99
2 0.236 20.5 15.66
3 0.268 18.0 13.75
03 1 0.236 17.8 13.32
Table 3 Modified modei calibration data

Plate thickness = 0,278 in.

Plate width = 6.0 in.

Plate length = 21.0 in.

E = 3.0el07 psi

E,/E = 0.25

o, = 100000 psi

a {die half-width) =24 m.

Y, Egunch penetr.) = VARIED

ABS (bump spacing) = 125 in.

No. of bumps =11

Table 4 Experimental results and revised model predictions
(dimensions in inches)

Plate Ravg avg
No. Bend Y, (exptl.) {model)

01 1 0.204 21.1 20.87

2 0.220 20.9 20.87

3 0.236 20.1 19.88

4 0.268 180 16,78

02 1 0.173 220 22.50

2 0.236 20.5 17.57

3 0.268 18.0 15.46

03 1 0.236 17.8 17.30

expected, the most indeterminate of the process parameters,
and such variations can be expected. Comparing Tables 2
and 4, it can be seen that this reestimation of these material
parameters results in much improved model predictions. Also,
it is significant to note that the model successfully predicts
the radius of the plates for three different bending histories.
The first plate was bent much more gradually than Plates
2 and 3; however good agreement between the model pre-
dictions and the experimental results can be seen in Table
4 for all three plates. This is due to the fact that this process
model takes the “initial” geometry of the plate into account
before running each iteration of the simulation.

It is readily apparent that by modifying the initial values
of material parameters slightly, agreement between the model
and the experimental data was obtained. A primary source
of error in this experiment was the initial lack of flatness
of the plate used. This plate'was found to be out of flat by
as much as 0.050 in. Correction for this lack of flatness was
made in the “runs” shown in Table 4.

Roll bending model

The objective of this model is to relate the process input
(the roll diameters, spacing and center roll displacement) to
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the desired outputs of plate radius and residual stresses. In
addition, the model will provide sensitivity functions for these
outputs with respect to material property and geometry
variations.

The basic geometry of the process is shown in Fig. 15. The
model employed here is based on one developed by Hansen
et al. [7]. Only the basic form of the model is presented here.
The basic calculations follow much of what is described above,
except that the shape of the plate is different between in-
coming and outgoing sides. While the same triangular mo-
ment distribution applies here, the incoming material sees
this as a loading moment; thus the loading portion of the M-
K relationship is applied to find K,(s). However, once the
material passes the center roll, it is unloading, and the M-
K relationship becomes linear. Thus, a nonsymmetric K,(s)
will result. This greatly complicates the calculation of the
center roll penetration since this is found by integrating plate
curvature to find plate contour. As a result, the execution
of the model requires iterative calculations that seek to match
roll penetration, boundary conditions and plate shape.

As opposed to bending, rolling does not have the process
“freedom” to modify input, since there is only one——the cen-
ter roll displacement. However, the model does allow one to
examine the effect of process uncertainty and to explore the
effects of machine geometry (that is, roll spacing and ra-
dius). Since the roll bending process does indeed ensure cir-
cular parts, the main use of the model at this point is to
generate sensitivity functions so that process optimization .
studies and statistics propagation can be performed. For ex-
ample, the effect of thickness on center roll displacement can
be seen by the data in Fig. 16. Clearly, variations in ma-
terial thickness will cause significant errors if the roll dis-
placement is not corrected.

This process model, like the bending model, can be incor-
porated into a process simulation scheme. The graphics and
user interface features (Ultrix/X-Windews based) which have
been developed can be used with either process model. This
approach also supports the implementation of control algo-

Fig. 15 Roll bending geometry

Yp {punch penetration, cm)
2

Sp * a=180 mm
Kgeg = 0.05 in~1
& : + :
i - [~ LT
thickness

Fig. 16 Effect of thickness on roll displacement
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rithm and measurement programs for the simulation of var-
ious fabrication methods.

Conclusions

Design-oriented process simulations can provide a wealth
of information. It is constructive and useful to provide the
ship designer with tools that permit the investigation of pro-
cess-oriented questions through accurate simulation. The
prototype presented here, for the investigation of the se-
quential plate bending and roll forming processes, is an ex-
ample of such a “designer-focused” tool. The implementation
of such tools at the ship design stage would result in a better
product since fabrication considerations could then be eval-
uated by the designer in a simple yet thorough manner.
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Metric Conversion Factors

1lin. = 254 mm
1 psi = 6.895 kPa
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