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Abstract

Thermal stresses are commonly used by welders to introduce
camber into steel beams, to repair damage caused by plastic
deformation, and to remove distortions caused by welding. A
itocal concentration of heat is applied to the steel. The heated
steel expands, but the expansion is resisted by the restraint
provided by applied loads, the temperature gradient and the
surrounding unheated metal. As a result, larye compressive
stress develops, while the yield stress and eilastic modulus of
the steel are reduced by the elevated temperature, and local
yielding occurs. This introduces permanent deformations which
may be used to curve members or remove unwanted distortions, [t
is an economical method and it may be useful for repairing
damage caused by extreme earthquakes or other dynamic loadings.
However, the method is practiced as an intuitive art and is not
understood by most engineers. This report is a first step in
developing a scientific understanding of the technique.

This report incliudes a review of existing practice,
Different types of damage are described and potential repair
methods are noted. A summary of the influence of elevated
temperature on the properties of sSteel suggests that most
structural steels can be repaired by heat straightening with no
significant change to the material properties if a few simple
guidelines are followed. An extensive series of esxperiments are
then performed and evaluated., The experiments show that the
plastic deformation achieved by heat straightening is very
sensitive to temperature, quenching, heat geometry, applied load
and restraint conditions. Some heat patterns such as strip
heats are sensitive to residual stress because they cause
relatively small plastic strain, while others such as V-Heat
cause large plastic strains and are not sensitive to residual
stress. The rate of heating and specimen dimensions have a
lesser effect on the results. Wide flanges and structura}l
shapes were also tested, and factors such as the P-4 effect and
warping restraint alsoc effect the plastic deformation. Further,
the experiments suggest that columns may be heated while
supporting large gravity loads.

A mathematical! model was developed in response to these
experiments., It employs a finite difference heat flow model
with the non-linear finite element method., The finite element
solution is based on a Prandti-Reuss bilinear plasticity
formuiation, and the results compare well with the experiments
at both the Tocal and global level,
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CHAPTER 1

- INTRODUCTION

General

Considerable research has been applied to the seismic
behaviour of structures, and a multi-lTevel design approeoach has
evolved [1]. Most buildings are designed elastically for a
series of small lateral forces. The forces [2,3] are calculated
from an approximate analysis which considers the dynamic
properties of the soil and structural system and the regional
seismicity. Actual earthquake accelerations produce inertial
locadings. Therefore, the actual seismic force experienced by the
structure will depend on many additional factors and may’be many
times larger than the arbitrary design forces. Therefore, struc-
tures are expected to remain elastic only during small, frequent
earthquakes. During moderate earthquakes, which may occur
several times in the life of the structure, limited damage may
occur, and significant yielding of the structure may occur during
an extreme earthquake which occurs only once or twice in the life
of the structure. Howéver, the structure must not collapse nor
represent a serious risk to human life during these extreme
events. These latter conditions are assured by using ductile
structural systems. The ductility dissipates large amounts of
energy and dampens the structural response without failure or
toss of structural integrity. It is achieved through yielding of
the steel and it introduces permanent deformations and
deflections into the structure.

This design procedure is simple and economical. Most design



engineers perform only standard code design calculations with a
linear elastic analysis model. They make no estimate of the
plastic deformation or ductility of the structure nor do they
estimate when or where damage will occur. Ductility is assured
only by using certain well understood structural systems, which
are known to provide good elastic and inelastic performance.
Steel is a very desirable material for this design, because
research and practical experience has shown that properly
designed, detailed and constructed steel frames have good
strength and ductility.

It is well known that this design procedure will result in
structural damage during severe or even some moderate
earthquakes. The extent of this damage is non-deterministic,
because the intensity of shaking is known only in a probabalistic
sense, and structural response may vary greatly with small
changes in the acceleration record and structural behaviour.
However, it is very clear that during a major earthquake a few
structures will be damaged beyond repair. Others will require
little if any repair, but many will be prime candidates for
damage repair,

This represents a potential problem 1in seismic engineering
practice. Most engineers are knowledgeable in the methods of
designing and analyzing steel structures, but they have 1ittle
experience in designing damage repairs or even in estimating if a
repair is possible or economically feasible. Steel is a versatile
and ductile material which can frequently be repaired at a small
percentage of replacement cost, but clearly a basic understanding

of the methods of repair must be available before the full



benefit of the properties of steel can be obtained.

Seismic Damage to Steel Structures

Before discussing methods of damage repair for steel
structures, it is necessary to understand the types of damage
which are expected during an earthquake. Several major framing
systems are used frequentiy for seismic design, and the expected
damage is different for each system. Moment resisting frames are
perhaps the most widely used framing systems. Research [4,5,6,7]
has shown that ductile moment resisting frames dissipate a large
quantity of energy through flexural yielding of the beams, and so
damage repair requires the reversal of plastic rotations and
flange buckling which typically accompanies this rotation as
shown 1in Fig. 1.1. The plastic rotations typically occur in the
beams near the beam-column connection, but the rotations may also
occur in the columns [6]. Further, some moment frames [4] may
develop permanent deflections from shear yielding of the panel
zone as shown in Fig. 1.2.

Concentrically braced frames are much stiffer than moment
frames, because of the large axial stiffness provided by the
brace. Therefore, braces [8,9,10] attract large axial forces and
dissipate energy through tensile yielding and plastic rotations
occurring during post-buckling deformation as shown in Fig. 1.3.
Damage repair would require reversal of these rotations and
shortening of the tensile elongation., Some bracing systems such
as the K-brace will also induce flexural yielding of beams or
other members, and so plastic rotations in the beams may also

need repair. Finally, severely buckled braces may also cause

lTocal distortion of gusset plates or other connections.

3



FIGURE 1.1. Photograph of a Plastic Hinge Location with a Flange Buckle.

FIGURE 1.2.  Shear Yielding of the Panel Zone of a Moment Resisting Frame.



FIGURE 1.3. Photograph of a Buckled Brace



Eccentrically braced frames have also been used in recent
years. These structures [10,11] dissipate large amounts of
energy through shear yielding of the eccentric link. Flexural
yielding may also occur at the ends of the 1links, and web
buckling may accompany this plastic deformation as shown in Fig.
1.4.

Other types of damage may also accompany the above plastic
deformations. The frame may be out of plumb, and cracking of the
floor slab will likely be observable with the eccentric bracing
system and the K-Brace system. Glass, architectural walls and
other non-structural elements may be damaged. Lateral-torsional
buckling or local web or flanye buckling may also accompany
yielding of the steel. This additional damage makes it difficult
to determine if the structure is repairable. The cost of the
structure dis typically quite small fer mbst buildings.
Structural costs are frequently less than 20% of total cost for
taller buildings with foundations, architectural components, and
mechanical equipment constituting the bulk of the cost. A
building may be regarded as a total economic loss if these non-
structural components are heavily damaged even though the
structure has sustained only minimal damage. Further, a
structure with extensive structural damage may be economically
repairable if the non-structural damage is small. However, once
it is decided that structural repair is economically feasible, a
number of serious technical questions must be addressed. This

report will focus on these technical issues.
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Photograph of Damages Produced by Cyclic Shear

FIGURE 1.4.
Yielding and Web Buckling of An Eccentric Link.

Photograph of a Floor Slab During Repair by Epoxy

FIGURE 1.5.
Injection



Methods of Structural Damage Repair

Damage to concrete slabs in steel structures may be repaired
by one of several methods. Epoxy injection [13,14] has been used
to repair reinforced concrete slabs which are extensively cracked
as shown in Fig. 1.5, but pieces of loose concrete must
typically be removed and replaced. This type of repair may
redevelop the composite action and stiffness of the beam [14] if
the shear connectors are in good condition, but it will probably
be ineffective in redevelopment of shear bond with the metal
deck. [f the concrete is cracked excessively or shear bond
stress or shear connector failure has occurred the concrete slab
may require replacement. If the concrete is structurally sound
but repair of cracks is desirable for architectural reasons, a
thin topping layer may be desirable. Cracking and damage to the
slab is likely to be most prevalent in eccentrically braced
frames or concentrically K-braced frames. Moment resisting
frames are likely to develop large cracks only at large
displacements or story drifts.

Damage to the steel frame is usually more important to
the structural integrity, but repair sometimes is quite easily
accomplished. Several methods of repair have been successfully
used for steel structures [15]. The first method consists of
removal and replacement of damage steel. This is typically the
first repair method to be considered by a structural engineer
when developing a program of damage repair, but it is often the
least practical or economical repair method. Diagonal braces are
sometimes relatively easy to replace, but major beams and columns

can be replaced only with very great difficulty [15]. Secondary



leproduced from

L““*' available copy | =l
— = /1|

— T

FIGURE 1.6. Photograph of a Cover Plate Attached to a Damaged
Steel Girder.



beams and members which support 1ight dead loads often can be
replaced with an intermediate level of effort. This repair
metnhod is generally very expensive, and will typically not be
attempted unless the damage is very slight or isolated in a small
part of the structure.

A second method of repair, which is believed to be more
economical and has been used more frequently, is to cover the
damaged steel with strengthening elements such as cover plates or
to insert additional members to strengthen the damaged structure.
This method has been used on numerous occasions to repair damage
caused by oversized trucks on the lower flanges of bridge girders
or at loading docks. The method is likely to be much more
economical than complete replacement of the damaged steel, but it
also leaves large imperfections and residual stresses an the
steel structure., Imperfections cause secondary stress which may
seriously weaken the structure. Further, these secondary effects
are difficult or 1impossible to calcuylate, and so the true
strength of the repaired structure is not known. The
strengthening elements are also added in places which are
sometimes difficult to weld or bolt, and the desired continuity
cannot always be achieved. Finally, it should be noted that the
damaged steel, which is Teft in the structure, has a strain
history and reduced ductility due to cold working, and may make
the steel more susceptible to fracture and fatigue. This repair
method illustrated in Fig. 1.6. The photograph shows a damaged
steel girder, which was strengthened with a cover plate, but it
must be noted that the girder is still crooked and subject to

large secondary effects.
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The third method consists of plastically deforming (i.e.,
cold working) the steel to remove the imperfection. This metheod
is commonly used in fabrication shops to camber or curve straight
members or straighten member which do not meet erection
tolerances. The steel is placed in a loading device and a
controlled force or displacment pattern is applied. This cold
works the steel and reduces the ductility. However, it 1is
generally assumed that structural steels have great ductility and
the reduced ductility and residual stress have no adverse affect
on structural behaviour. This assumption is so prevalent that
design engineers typically make little or no restriction on the
use of this fabrication method. While controlled plastic
deformation may be a practical and economical method of
accomplishing a repair in fabrication shops, it is far less
viable for damage repair in the field. First, it is difficult to
develop the controlled loads and deformations needed to reverse
the damage without the Tlarge fixed frame load equipment
available in the fabrication shop. Secondly, the plastic strains
caused by seismic or other damage are usually localized, and the
cold working needed to reverse the damage would necessarily occur
in the same location. This increases the probability of
embrittlement of the steel and the likelihood that the steel
will crack or fracture during the repair, Finally, it is
important to note that many forms of seismic damage occur near
the connections where the available ductility is limited, and so
it is difficult to apply this method in these areas.

A fourth method is aiso widely used by fabrication shops,

but it is poorly understood by structural engineers. With this

11



method, a local concentration of heat is applied to part of the
structure [161]. The heated steel expands, but expansion is
resisted by the unheated metal. Therefore, large compressive
stress develops in the steel, The yield stress is reduced in the
heated area and Tlocal compressive.y1e1d1ng and plastic
deformation occurs. If the temperature and the heat pattern are
carefully selected, damage due to prior plastic deformation can
be reversed or initial curvature or camber can be induced. It
is used widely by fabrication shops and shipyards to both
introduce curvature and repair damage (such as buckled flanges or
bent beams) which is encountered during fabrication, It is
commonly used by a few state departments of transportation [1l5]
and railroads in the repair of damage in existing bridges. It
has also been used in the repair of buildings. For example, in
1956, wmore than 1400 members of a roof space truss at McChord
Air Base were damaged by a fire, and this roof was economicaliy
repaired [171. The repair cost was 14% of estimated replacement
cost. There are several advantages with this method. It is not
only economical, but it can eliminate some of the problems
associated with cold working, since the yielding is accomplished
at elevated temperatures. The method requires a minimal work
crew with very 1ittle equipment, and the repair can frequently be
performed while the structure supports the dead load or is 1in
partial service. However, there are several potential problems
with this method. First, the method is not well understood by
engineers. It is practiced és an intuitive art by skilled
technicians, and theré is wide variation in the methods used and

results achieved by these technicians. Secondly, it wuses

12



elevated temperatures, This has the advantage of eliminating
cold working, but the elevated temperatures also may change the
properties of the steel, introduce embrittiement, cause large
residual stresses, and introduce other potential problems

encountered with welded structures [18].

A Proposed Program for Damage Repair to Steel Structures

The previous sections briefly described the types of damage
expected during moderate or severe earthquakes, and the four
potential methods of repair were noted. These methods may be
summarized as:

1. Removal and replacement of damaged steel

2. Strengthening of damaged steel with cover plates,
additional members, or other methods

3. Reversal of plastic deformation with controliled
loads or deformations (Cold Working)

4, Use of thermal stress to reverse plastic
deformations (Heat Straightening)

Method 1 is usually the more expensive method, but it is the
method which is most well understood by engineers. Method 2 may
be quite economical, but it leaves the damage within the
structure, This makes estimates of the true strength and
stiffness unreliable. Method 3 is economical and practical in a
fabrication shop, but is is seldom practical for field repair.
Further, the combined effect of multiple cold working of the
steel may have serious consequences., Method 4 has been shown to
be the most economical and practical alternative for a wide range

of damage, but the results are not predictabie by the structural

13



engineer, This is a serious failing, because if engineers cannot
reasonably predict the cost of a repair and the likelihood of
success of the repair method, they will avoid using the method.
It is not likely that Method 4 will be suitable for
repairing all damage to steel structures. It will not be
adequate for the repair of members which are cracked, torn or
have a severely reduced cross-section. Clearly strengthening of
the structure or replacement of the damaged steel will be needed
in these cases. Further, a few readily accessible members may be
more economically repaired, by direct replacement. Therefore, it
is likely that the most economical repair program will utilize
combinations of these methods. A careful analysis of these
options would suggest that a viable repair program should at
least consist of the following steps.
Step 1. Determine the locations of damage and measure the
degree of damage. Determine the damage in need of
repair and find the damage that can be ignored or

covered over.

Step 2. For members which are not cracked, torn or
excessively deformed, estimate the amount and
location of heat needed to affect a repair,
Determine the aeffect of this heating on the
material properties and structural performance of
the steel, Estimate the cost associated with the
repair.

Step 3. Cost estimates should be developed for

strengthening of damaged wmembers through the

14



addition of cover plates or other methods.

Step 4. The cost and feasibility of the replacement of

damaged steel must also be considered.

Step 5. The total cost and effectiveness of the repair of
each member or component can then be evaluated and
compared to other structural options, and the
most economical combination can be selected,
Clearly cracked or torn steel must be repiaced or
strengthened, but many elements can be
economically repaired with thermal stress or heat
straightening.,

It is likely that a competent structural engineering firm
could accomplish Steps 1,3,4 and 5 with reasonable speed and
confidence, and an organization with prior experience could do it
with atlacrity. However, Step 2 could cause some serious
problems. First, few structural engineers would be able to
estimate a suitable heat program, Secondly, most engineers would
not be abie to predict the effect of this heating on the
properties of the steel or the effect of the heat on the
performance of the structure. Finally, most engineers would lack
the confidence to specify the critical control parameters to

assure that the work is properly done in the field.

Scope and Objective of This Research

This report describes a research program which develops an
initial answer to these concerns. A comprehensive state-of-the-

art of heat straightening is described, and variations and
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inconsistencies in present practice are noted. The types and
patterns of heat application are also described and their effect
on the structure is provided, The present knowledge of the
effect of the heat on the permanent material properties and the
behavior of the structure under future loads are also
summarized.,

A series of experfments are then performed to improve our
understanding of the heat stratightening process. More than 70
experiments are performed, and, when combined with eariier
research results, they clearly show how different parameters
affect the process and which parameters are most important., A
theoretical computer model is then developed to analyze this
complex problem. The model is a temperature dependent, plastic
finite element solution, which is checked against Kknown
plasticity solutions and compared to experimental results. The
mathematical model provides a good understanding of the local and
global effects of heat straightening. The global behavior is
important because it allows the engineer to select the most
economical and practical repair method. The local behavior is
important because it is needed to evaluate the potential for
future problems such as buckling, fatigue and fracture. The
analysis is costly, but they can be generalized with a series of
nomographs. These graphs would provide the structural engineer
with a basis for estimating the deformation produced by heat
straightening or curving.

This research is ciearly not the total answer to the heat
straightening problem. However, it provides a reasonable

understanding of the process and gives the engineer a method for
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estimating the effectiveness of thermal stress in repairing

damage and curving steel members.
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CHAPTER 2
PRESENT KNOWLEDGE OF THERMAL STRESS BEHAVIOR

Present Practice

Thermal stresses are often used to plastically deform steel.
A local concentration of heat is applied to the steel with a
torch or other heat source. The heated steel expands, but
expansion is restricted by the surrounding unheated metal or
other restraint. Therefore, a large compressive stress develops
in the heated steel, while the yield stress is reduced by the
elevated temperature. The steel yields and this causes permanent
deformation which remains after cooling, No stress is introduced
in metal which is heated uniformly and is unrestrained against
expansion. Nor is stress developed £19,20] in statically
determinate beams with a linear temperature gradient over the
depth or jength. It is the temperature gradient comhined with
restraint against expansion which causes yielding and permanent
deformation. The restraint is usually at 1least partially
developed by the surrounding unheated metal, but often it is
enhanced by strategically placed loads or supports. However, it
must be emphasized that the yielding is usually compression
yielding, and the additional restraint generally is helpful only
if it causes compressive stress in the heated area.

Since the temperature gradient induces the plastic
deformation, the pattern of the heat is an important parameter in
the process. Figure 2.1 shows several typical heat patterns
which are commonly used in practice. The V-heat pattern shown in

Fig 2.1(a) is used to introduce a plastic rotation into flat bars
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or structural shapes. It is started near the peak of the
trianglte, and the torch is passed over the triangular area in a
serpentine pattern. The duration of heating will vary with
geometry of the steel and the heated area, the desired
temperature, and the size and settings of the torch, but it will
typically require a minimum of approximately 10-15 seconds and a
maximum of approximately 10-15 minutes. The longer times are
required for thicker steel and larger heated areas. Since
plastic rotation is desired in the plane of the heated area, the
temperature should have a significant gradient in this plane but
be nearly uniform through the thickness of the steel. Therefore,
thick plates are often heated from both sides. This target
temperature variation must 1influence the rate of heat
application, and so thick steel may require a larger torch size
as well as a longer period of heat application than thin steel.
The V-heat has been used to induce plastic rotations in both the
pltane of the flange and the web of structural shapes, and this
heat pattern would likely be beneficial in reversing plastic
hinge rotations in moment frames, post-buckling deformations in
braces, and lateral torsional deformations of beams and columns.
Line heats, strip heats or edge heats as shown in Fig.
2.1(b) and 2.1(c) are commonly used to introduce continuous
camber or curvature., Heat appliied to the center of the flange as
shown in Fig. 2.1(b) cause camber while heat applied at the edge
of both flanges as shown in Fig. 2.1(c) causes curvature in the
plane of the flange or sweep. Therefore, a temperature gradient
is needed either in the plane of the heated surface (Fig. 2.1(c¢)

or normal to the heated surface (Fig. 2.1(b)) depending on the
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desired deformation. The heat is applied by slowly moving the
torch along a given 1line to attainm the target temperature
distribution, If a wide strip is to be heated, the torch may
follow a zig-zag path along the line. These heat patterns may
produce similar results to the V-heat except that the plastic
deformation is distributed over a 1length rather than
concentrated, Thus, this pattern is more likely to be valuable
in repairing distributed damage or curvature, For example, it
may be desirable for straightening braces which are not severely
buckled or shear yielding in eccentric 1inks.

The spot heat or surface heat (see Fig. 2-1(d)) is commonly
used to introduce curvature in flat plates such as sometimes
required in ship hulls or webs of curved girders. Thus, it may
be useful for straightening buckled webs and flanges or repair of
damage to connection plates. The heat is applied over a surface
area which is large compared to the plate thickness and a through
thickness temperature gradient may be helpful. Therefore, a
slightly more rapid heat application then required for the V-
heat may be needed.

Other heat patterns and variations on those shown in Fig.
2.1 have also been used, but these four basic patterns are likely
to be the most useful for seismic damage repair. The maximum
temperature used with these patterns may affect the plastic
deformation since the temperature gradient is increased with
higher temperatures. Further, some practitioners quench the
steel shortly after heating, because they believe it increases

the plastic deformation and decreases the probabiiity of local
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buckling., However, there is disagreement as to the total effect
of quenching. Some engineers [21] believe that peening while
cooling the steel increases the plastic deformation attained with
an individual application of heat, but this is again a subject of
some debate.

In practice, the heat pattern and target temperature are
selected by a technician with no reference to theory or
understanding of plasticity. This judgement is made primarily on
the basis of trial and error and prior experience, and frequent
Brrors occur. Further, discussions with these technicians
indicate that there are wide disagreements on how damage repair
should be performed and which technique will be most effective
for a given appiication, However, some research has been done in
this area, and there is a basis for resolving some differences

in opinion.

Influence of High Temperature on Material Properties

It is well known [22,23] that elevated temperatures reduce
the elastic modulus and yield stress of steel. This reduction in
strength and stiffness has been an important consideration in the
design of fire protection for many years, but it is also an
important factor 1in heat straightening., The reduction in yield
strength hastens the yielding produced by the thermal stress.
The reduction in elastic modulus delays the initiation of
yielding and further complicates the mathematical prediction of
the resulting deflections. The coefficient of thermal expansion
also changes [22] with temperature. Steel expands as heated, and

this expansion is the driving mechanism for the development
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of thermal stress. The temperature dependence of this
coefficient also influences the theoretical prediction of the
plastic strain produced by heating. However, these are short term
effects, and one may ask if there are any more lasting
consequences of localized heating of the steel.

The iron-carbon equilibrium diagram {22,24] shown in Fig.
2.2 is an elementary tool [22,24] which may be helpful 1in
evaluating these long term effects., This diagram is generally
believed to be valid for all carbon steels {i.e., carbon steel
with less than 2% carbon) and most tow alioy steels. High alloy
steels may have different behavior, but the vast majority of
structural steels used in the United States fall into the carbon
steel and low alloy category. At normal service temperatures,
steel has a body centered cubic molecular structure, and is made
up of three major constitutients, ferrite, cementite and
pearlite., Ferrite is essentially iron molecules with no carbon
attached. Cementite is an iron-carbon compound (FesC), and
pearlite is a mixture of 12% cementite and 88% ferrite. Low
carbon steels (less than 0.8% carbon) do not have enough carbon
to develop a 100% pearlite compound and therefore consist of
pearlite with some free ferrite molecules. High carbon steels
(carbon greater than 0.8% but less than 2.%) have more carbon
than is needed to form pure peariite, and therefore consists of a
pearlite and cementite. Ferrite is soft and very ductile, while
cementite is hard and brittlie, and so low carbon steels tend to
be softer and more ductile than high carbon steels.

Temperatures in excess of 13339F (723° C) produce a phase

change in steel, The iron atoms assume a face centered cubic
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molecular structure., Carbon atoms easily fit within the voids
with this structure and a much Tlarger percentage of carbon will
be carried in solution. 1If carbon steels are heated above the
top curve of Fig, 2.2, the steel is molten. In temperatures
between the phase change and melting temperatures a wide range of
hot rolling and working can occur. When steel is cooled below
the phase change temperature, it returns to its normal body
centered structure. However, this change requires a limited
amount of time, and so very rapid cooling may not permit this
change to occur. A very hard, strong and brittle phase caliled
martensite will occur under these conditions. It is sometimes
suggested that this is a contributing factor in the loss of
ductility sometimes noted with welding and it represents a
potential concern in heat straightening. Further, this
embrittlement should be more 1ikely to occur in high strength,
nigh carbon steel,

This elementary information serves as a basis for heat
treatment of steeil and provides a basic understanding of the
effects of high temperature on the properties of steel, Figure
2.3 shows the temperature range typically used for annealing,
hardening and normalizing of steel. For annealing, the steel is
heated to the target temperature and cooled very stowly. This
relieves dinternal residual stresses, softens the metal and
refines the grain structure, If work hardening had occurred
prior to heating, annealing may also increase the ductility and
reduce the yield stress of the steel, Annealing tends to forgive
the strain history. The hardening process has a similar target

temperature but the surface is cooled quickly by quenching., This
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forms a hard, brittle, martensite surface structure, while
maintaining a soft, ductile interior. Normalizing is typically
accomplished by heating and then ccoling in a controltled
environment but not as slowly as annealing. It tends to refine
the grain structure, and it is also used sometimes to increase
the notch toughness and decrease the transition temperature of
some bridge steelis, Tempering and stress relieving are also
used to reduce surface hardness or relieve internal residual
stress. In these processes, the steel is heated to a temperature
less than the phase change temperature, 13339 F (723° C) and
cooled by quenching or siow cooling process.

Most structural steels are carbon steel or low alloy steel.
Therefore, it is reasonable to expect that most structural steels
can be heated to temperatures of 1300° F (7049 C) with very
little change to the material properties. Residual streéses may
be introduced or partially relieved by this heating, and the
hardness may be changed slightiy. There may also be a slight
change in ductility because of the yielding and possible
tempering which occurs during heating, but this yield strain will
typically be small compared to the minimum required tensile
elongation of the steel. Further, the yielding occurs at
elevated temperatures, and so there is reason to believe that the
loss of ductility is negligible even though the steel is not
heated to the annealing temperature. It is likely that quenching
can be used throughout this temperature range (particularly with
fow carbon steel) with no serious consequences since this
essentially tempers the steel. Temperatures hotter than 13300 F

(721° C) may cause potential problems, particularly for high
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carbon steels, because the heat is applied locally and rapid
cooling may occur. This may result in the formation of
martensite and the loss of ductility in the steel. Quenching may
be particularly troublesome for these elevated temperatures.,
Stainless steel, other high alloy steels, or special steel such
as Abl4 require separate consideration because their phase change
behavior may be different or because their properties are
attributable to prior heat treatment.

These simple concepts have been independentliy checked by
experimental research., Tests have shown [25,26] that mild steel
can be heated to temperatures of approximately 1200° F (649° C)
with only minor Toss in ductility, siight increase in Rockwell
hardness, and an increase in Charpy V-Notch impact energy. Tests
on A441 steel [27] suggest that there is no change in yield or
tensile strength, a slight increase in the notch toughness
transition temperature, and a 19% decrease in ductility or strain
at fracture when heated to 1200° F. However, the elongation
attained after heating was still 56% larger than the minimum
required by the ASTM standard. OQther researchers have suggested
that temperatures as high as 16509 F will cause no adverse
effects with mild steel, Pattee and others [28,29] have
indicated that low alloy steels with yield stresses in the range
of 45-75 ksi can be exposed to temperatures of approximately
11009 F to 12009 F (593 C to 649 C) without significantly
affecting material properties. Moberg [30] has indicated that
very high strength structural steels such as A514 and A517 will
not degrade if temperatures are kept below the 1150° F (6210 ¢)

tempering temperature,
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Graham [31] investigated the effect of heat on high alloy
steels such as stainless steel, He determined that heat
straightening could be performed on stainless steel, but the
temperature must be carefully controlled. The yield and tensile
strength are Towered with each heat pass if the temperature is
too high. He illustrated that proper cooling and mechanical
restraint hasten the straightening process, and accomplish the

repair with fewer heat cycles at lower temperature.

Prediction of the Plastic Deformation

The previous discussion has described the type of heat
patterns required for repair of structural damage, and it has
noted the approximate limits on the temperatures which are
required to avoid permanent damage to the mechanical properties
of the steel. Further, some intuitive guidelines on the use of
the heating concept are described. However, before thermal
stress can be widely used for damage repair, the method must be
somewhat predictable. That is, an engineer {or technician)
should be able to make a series of estimates or calculations and
obtain a repeatable and consistent prediction of the type and
quantity of heat required.

Holt [32] proposed a simple method which is applicable to
concentrated applications such as the V-heat. He assumed that
the heat was instantaneously and uniformly applied over the
heated area with perfect wuniaxial restraint. The plastic
rotation achieved by a V-heat with geometry as shown in Figure

2.4 is
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. If o (T) dT Fo(T) (2.1)
9 = T Te - T, E (T)
h

where o (T), ﬁmj, and E(T) are the temperature dependent
coefficient of thermal expansion, yield stress and elastic
modulus, respectively. This model is very simple, but it is not
always a realistic model since it does not consider the actual
time dependent temperature distribution, the true restraint
conditions, nor does it meet requirements of strain
compatibility.
A similtar model [32] has been used to simulate

spot heats. The elastic thermal stress distribution caused by a
small radially symmetric temperature distribution has been shown

[33] to be

b r
or = oF (lz/ Trdr — lz / Trdr) (2.2)
b -0 r 0
b r
oy = af (}—T + 1; Trdr + i Trdr (2.3)

b ) r? 0

where ¢ and E are constant. If the temperature is constant, T ,
within the heated radius, &, and this radius is very small
compared to the dimension of the plate, b, then within the heated
area

1
OF‘ = Qy = - > Fo (Tl - TO) (2.4)

and outside the heated area
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Holt [32] has noted that yielding will occur within the heated

area when

Sy (1) = %_ Eo (T1 - TO) (2.7)
and this equation can be combined with Eq's 2.5, and 2.6 and
strain distribution associated with the elastic solution [33] to
estimate the plastic deformation, Holt wuses these simple
concepts to suggest that the minimum temperature of approximately
3109F and a maximum temperature of 6209 F (1559 C and 3259 C)
are needed for this application with A36 steel, However, it
should again be noted that this model assumes an idealized heat
distribution which may not be valid (particulariy for larger
diameter heat patterns.) Both Eg's 2.1 and 2.7 suggest that
there is an upper limit on the temperature which can be used for
heat straightening. Temperatures which are larger than this
iimit are expected to develop yield reversal on cooling and so
they are expected to have increased potential for heat damage
without increasing the plastic deformation. However, this
conclusion is based on idealized temperature distribution,
Brockenbrough (34] used a strip model known as Duhamel's
analogy to predict the curvature and residual stress induced by
horizontal curving of members with a neat pattern such as shown
in Figure 2.1¢c, With this method, the structural shape is broken
into strips as shown in Figure 2.5{a). The heat pattern is

applied and the thermal elongation is computed for each
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unrestrained strip as shown in Figure 2.5(b). Then compatibility
is enforced by assuring that plane sections remain plain as shown
in Figure 2.5(c). This induces longitudinal forces {stress) on
each strip, and the resulting stress pattern is checked for
yielding and equilibrium with the appliied loads. It is unlikely
that equilibrium will be satisfied after the first step and so
this stress distribution is then adjusted by iteration until
equilibrium and yield state are both satisfied. Experiments were
performed [35] to verify that the model predicted reliable
estimates of beam curvature and residual stress distribution.
This model is more complete than the Holt model., It requires
an iterative form of analysis, but it allows a realistic
time dependent distribution of temperature and ensures
compatibility of the strains at specific locations. Further, a
step by step solution may be used to increase the accuracy. This
method appears to be very reasonable for heat patterns which are
independent of length since the basic assumptions of the strip
model are applicable. However, other authors [36,37] have also
used this method to model concentrated heat patterns such as the
V-heat or spot pattern shown in Figure 2.l1a and 2.1d,
respectively., Experimental comparison with these predictions has
been mixed, since the assumption of plane sections is not valid

for many of these heat patterns.

Contradictions or Inconsistencies in Present Practice

The prior discussion has focused on topics which have been
experimentally verified, have some theoretical basis, or at least

are widely accepted by the profession. Many aspects of the art

32



of heat straightening do not enjoy this level of acceptance,
Gross inconsistencies can be noted in discussion with different
experienced practitioners, and their claims sometimes exceed the
bounds of credibility. Further, serious contractions can be
noted in the published literature. Examples of these
contradictions are:

1. Some practitioners claim that high strength steel is
more easily deformed than mild steel. Others correctly
note that high strength requires a larger strain (and
presumably a higher temperature) to initiate yieiding,

and so they feel mild steel is more easily deformed.

2. Some researchers suggest that quenching is effective 1in
increasing plastic deformation and controlling local

buckling while others doubt this contention,

3. Some authors and practitioners [15] have suggested that
a plastic deformation will not increase {f the
temperature is increased beyond certain limits, (1200°
F for V-heats and 783° F for spot heats on mild steel).
This is clearly suspicious since unrestrained thermal

etongation does not stop at these temperatures.

4. Some authors [30] suggest that very high strength
steels such as A514 can be deformed even with the
temperature limitations imposed upon quenched and

tempered steel, Others [15] dispute this contention.
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Some authors [26] suggest that peening is helpful in
increasing plastic deformation while others [15]

contradict this «claim.

Numerous other inconsistencies can be noted in other
topics including the effect of residual stress, the
effect of repeated heating, and the effect of added

restraint.
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CHAPTER 3

EXPERIMENTAL PROGRAM

General Comments

An experimental program was developed to resolve many of the
uncertainties and contradictions noted in the review of practice
and to improve the engineering understanding of the heat
straightening process. These tests were also intended to provide
a comparison with later theoretical developments and so extensive
data was accumulated. Two series of tests were performed.
Series A experiments employed V-heats on simple plate
specimens, A Targe number of these tests were performed so that
a broad understanding of the parameters affecting heat
straightening could be obtained without excessive duplication of
previous research [36, 38]. Extensive measurements of
temperature, force deflection and strain were used in these
experiments to provide a wide range of comparison between
experiment and theory.

Series B was the first step in applying the knowledge gained
in Series A experiments to actual structural shapes and practical
applications, There were fewer of these experiments and the
instrumentation was typically less extensive., Further, both V-
heats and continuous strip heats were applied to these wide
flange sections. A1l of the heating for both series of
experiments was done by experienced technicians, but several
different technicians were used to measure the natural variations

expected in practice.
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Series A Experiments

A large number of parameters come to mind when evaluating
the effect of thermal stress on steel member behavior. They
include -

1, Maximum Temperature

2. Time Required to Heat Specimen or Rate of Heat

Application

3. Geometry of Specimen

4. Geometry of Heat Pattern

h. Yield Strength of Steel

6. Thermal Properties of Steel (Conductivity, Coefficient

of Thermal Expansion, and Emissivity and etc.)

7. Loading on the Steel During Application of the Heat and

Restraint
8. Yariations in the Residual Stresses Prior to Heating

9. Quenching of Test Specimen.

Sixty-eight test specimens were used to evaluate these
parameters. Nine additional test specimens [39] were made and
tested as a pilot test program. These pilot tests helped to
define the control necessary for the research, but they are not
included in this report because the data was necessarily less
accurate. The details of the individual tests are summarized in
the next chapter. The maximum target temperature was varied from
approximately 800° F to 1600° F (427%9 ¢ to 871° (), and
comparison of these results show the effect of increasing
temperature on plastic deformation attained during heating, The

heat was applied in a typical V-heat pattern as shown in Fig. 3.1
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and control of the temperature of the heated steel was provided
by the color of the steel. However, independent measurements of
the actual temperature were made on both the front and back
surface of the steel for all specimens with an Omega 0S5-2000AS
Non-contact Pyrometer, thermocouples and temperature indicating
crayons, The pyrometer and crayons were calibrated prior to
testing, and it was believed that their measurements were
reliable and repeatable to within + 500F, Twenty-one of these
specimens also had a grid of thermocouples attached to the
unheated side of the steel. The thermocoupie temperatures were
read at approximately 15 second time intervals with an HP 9816
Computer and HP3497A Data Acquisition System, Typically 10
thermocouples were used and they were attached in a grid as shown
in Fig., 3-2. They provided a check of the other temperature
measurements, and they also showed the distribution of
temperature over the geometry of the specimens and variation of
temperature with time.

The specimens were heated with an oxy-acetylene torch with
an oxygen pressure of 25, acetylene pressure of 5 and a number 5
tip. These parameters were held constant to maintain a
relatively constant heat input for all specimens. The time
required to heat each specimen was also measured with a stop
watch. It should be noted that the temperature varied through
the thickness of the plates, and average through thickness

temperature was estimated from the measured values and recorded.
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Figure 3.1 Typical Geometry of V-Heats Used in Series A Experiments

Figure 3.2 Typical Thermocouple Grid for Series A Experiments.
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This temperature was invariably larger than the thermocouple
measurements. V-heats induce plastic deformation in the plane of
the heated surface. Therefore, the heat must be applied slowly
enough to wminimize through thickness gradient and dquickly enough
to maximize in-plane temperature gradient. Therefore, thick
specimens were heated from both sides,

The geometry of the test specimen affects the rate of
application of the heat and the heat flow within the specimen.
This may affect the yielding and the plastic deformation which
results. All the specimens of Series A were rectangular plate
specimens with geometry shown in Fig., 3.1. The h/t ratio is
clearly the only geometric parameter for the test specimens,
where h is the specimen height and t is the thickness, Most of
the plates had nominal dimensions of 3/8" x 6", but four each
were tested with nominal dimensions of 1/4" x 8" and 3/4" x 6",
This covered h/t values in the range of 8 to 32 and simulates a
wide range of practical conditions. Comparison of these test
resuits for different h values will illustrate the importance of
this parameter on the %btained plastic deformation.

The geometry of heat can be typified by the angle of the
heat, © , and the depth of the heat, d, as shown in Fig. 3.l.
Previous research [36, 38] has shown that increasing the angle
of the heat and the depth of the heat increases the plastic
rotation if the temperature and applied toad are held constant.
Fig. 3-3 shows the experimental results obtained for specimens
which were heated to 1200°F {649°C). There is no obvious reason
to question these results except to note that restraint is

necessary to induce compressive stress and yielding, and full-
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depth heats may lack the necessary restraint under some
conditions, Therefore, it was decided to avoid unnecessary
duplication of previous experimental results, and, while the
heat depth and angle were varied, the variation was not performed
in a systematic manner as used for the other parameters. ATl
specimens were heated with a 2/3 or 3/4 depth heat and the heat
angltes were 459, 609, or 829, The 829 heat pattern was checked
because it was larger than any used in previous research,

There is wide disagreement as to the effect of yield
strength of the steel on the resulting deformation and so this
parameter was investigated. Most of the specimens were made of
mild steel (A36), because this is the steel of most practical
importance., The mild steel was purchased from 3 separate orders
and came from 3 separate furnace heats, The yield stress at
room temperature was measured for each of the steel types and
the estimated properties for all of the steel specimens are
summarized 1in Table 3-1., Nine specimens were of a very high
strength steel (A514 with nominal yield stress.of 100ksi).
Comparison of the results of these nine tests with the
corresponding mild steel tests will clearly illustrate the effect
of yield stress on heat straightening. The thermal properties of
steel also vary for different grades of steel. Generally, the
thermal conductivity decreases [22] when the altoy ﬁontent is
increased in the steel, but the difference is less important at
elevated temperatures., The coefficient of thermal expansion also
decreases [22] for high alioy steel. A514 steel is a quenched
and tempered low alloy steel, and so it should have a smaller

thermal conductivity and coefficient of expansion than mild
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carbon steel, Therefore, it should require less fLime for heating
to the target temperature and induce larger thermal stress after
heating. The bending stress in the steel prior to heating
has been shown [38] to be an important parameter in the
straightening process. [If the V-heat is applied in an area with
large compressive bending stress, the steel yields in compression
more quickly and larger plastic rotations occur. This is a
reasonable and well-documented observation, and so the tests were
designed to avoid excessive duplication of previous work.
However, the applied moment was varied in these experiments to
establish a baseiine for comparison to previous research and to
extend the results to a wider range of applications,

There is considerable disagreement about the effect of
residual stresses on the heat straightening process. Most
believe that heat straightening induces large residual stress,
and some [15, 35] believe that repeated heating is useless,
because of the residual stress which occurs. Other research [16,
32,39] has suggested that residual stress magnitudes or
distributions do not seriously affect the results., This is an
important contradiction, because residual stresses are induced in
fabrication, during the plastic deformation of the steel, and
during heat straightening., It is very difficult to make reliable
predictions of these residual stresses or to measure them without
damaging the structure or specimen, and so the ability to predict
the effects of heat straightening will be severely limited if
residual stresses are important. Therefore, some of these
specimens were devoted to the resolution of this question. These

specimens were reheated with identical heat and load patterns
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used on specimens without prior heating or plastic deformation.
If residual stress affects the behavior, considerable difference
in plastic deformation should be noted.

Quenching has also been proposed as an aid to heat

straightening, and so thirteen of the specimens were quenched and
tested with similar heat and lToad patterns as some unquenched
specimens. The quenching was performed with a water mist applied
to both surfaces until the steel was cooled below 212°0F,
The volume of water was measured before and after quenching. The
difference between these measurements is the volume of evaporated
water and this provides an approximate measure of the heat
removed by quenching. Quenching was started immediately after
completion of the heating in some cases, but in other specimens
it was delayed for a period of 15 seconds to 4 minutes.
Comparison of these different quench times provides an indication
of the effectiveness of quenching and the conditions under which

it is most useful.,

Series A Set-Up

The previous discussion has described the general parameters
evaluated in Series A tests. The primary objectives of the
Series A experiments are to provide a better understanding of the
heat straightening process, to resolve contradictions and
conflicts noted in previous research and practice, and to provide
an experimental base for a theoretical model which is discussed
later in this report. A wide range of parameters were studied,
and therefore, all of the specimens were different. Howeyer,

there were some basic simjlarities which should be noted.
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The specimens were all heated with an oxy-aceteline torch as
noted earlier., The V-heat was applied in a serpentine pattern,
on a specimen which was loaded and supported as shown in Fig. 3-
4. The heated area was nominally under constant bending moment,
and the plate was supported Taterally a short distance on each
side of the heated area. The support prevented twisting or out
of plane movement, but it permitted all in-plane rotation and
expansion.

The load was applied by two different methods. Specimen 1
through 32 and Hl through H9 were loaded with a hanging weight as
shown in Fig. 3-5. This method provided constant moment, but it
was somewhat unstable due to the pendulum motion of the weight
when the steel was heated to high temperatures on large areas.

This load arrangement caused large out of plane deformation in
some of these specimens. The remaining specimens were loaded
with a hydraulic ram, as shown in Fig. 3.6, The ram was
controlled by a constant pressure valve which was attached to a
tank of pressurized nitrogen gas. This control is somewhat
analogous to the pressure control used by scuba divers, It
eliminated the penduium effect and potential instability of the
specimen, but it meant that the applied joad was not absolutely
constant during the experiment, because the gas pressure did not
respond rapidly to the time and temperature dependent deflections
of the plate., This force was monitored over time in these
experiments with the computerized data acquisition system and a
weighted average was used for the constant load value, The true
force was typically somewhat smaller than this value at the start

of the test, but larger during the middle portion of the test .
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Figure 3.4. Test Set-Up for Series A Experiments.

Figure 3.5. Photograph of the Hanging Weight Load Application.
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Figure 3.6. Photograph of Hydraulic Ram Test Set-Up.
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because of the movements shown in Fig. 3-7. A grid of hardened
steel pins was imbedded in each plate for measurement of the
plastic rotation and strain distribution due to heating. This
grid consisted of 0.125 inch diameter pins inserted into a .123
inch hole for approximately 2/3 the plate thickness as shown in
Fig. 3-8. Distances between these pins were measured with a
vernier caliper to .00l inch and interpolated to X.0005 inch to
obtain the strain distribution. These surface measurements were
found [39] to provide a reliable indication of average in plane
deformation if the out of plane deformation was not too large.
Measurements for specimans with large out of plane deformation
may require an additional correction for this out of plane
curvature. Measurements of the distances between pins which were
1, 2 and 3 inches on either side of the plate centerline were
also made, and they were used to estimate the plastic rotation
due to the heat application and to estimate the validity of the
plane sections remain plane assumption. Two independent
measurements were taken and if the difference between the two was
greater than .001 inch, another independent measurement was
taken. These measurements were taken both before heating and
after cooling to determine the plastic strains caused by the
heat.

Qut of plane deformations were measured with a steel
straight edge before heating and after cooling. The steel
straight edge was placed on a set of milled blocks, and
deflections were measured at the quarter points with the aid of a
depth gauge. If the out of plane deflection was excessive, this

measurement was then used [39] to correct the in-plane measurements.
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Figure 3.7. Time and Temperature Dependent Deflections of the Heated Plate.

Figure 3.8.  Photograph of the Grid Used for Strain and Rotation Measurements.
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measurements.

Series B Experiments

The Series B experiments were the first step in applying
the knowledge gained in the Series A experiments to structural
shapes and practical applications. This series was divided into
two parts. The first part, Series B-1 consisted of wide flange
columns which were heated with V-heats on a single flange while
supporting a compressive load as shown in Fig. 3.9. This heat
pattern would typify the repair method needed to produce a
lateral-torsional deformation of the column., Eight specimens
were tested and the general parameters used in each test are
summarized in the next chapter. All specimens were Wo6x25 wide
flange sections of A36 steel. This shape was chosen because its
flange size (b = 6.08 and t = .32 inches) closely approximated
the 3/8" x 6" plate size used in many Series A experiments., Two
of the specimens B1l-1 and B1-2 had no axial force or other
loading during heating. Hardened steel pins were installed in
the heated flange of these two specimens as used in series A, and
the results of these two experiments were compared to Series A
experiments. This comparison shows the iﬁf]uence of the web and
unheated flange on the test results, and it provides a general
indication of the applicability of the Series A plate test
results to structural shapes.

The remaining six specimens of Series Bl were designed as
simply supported columns for weak axis buckling with weak axis
k1 values varying between 60 and 120. A compressive load

r
between 40% and 80% of the AISC [40] design service load was
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Photograph of Test Set-Up for Series B Column Tests.
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‘Figure 3.10. Placement of Strain Gages and LVDT's in Series B Column Tests.
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applied and maintained constantly during the experiment.
This load was applied to evaluate the effect of compressive load
on plastic deformation attained during heating and to determine
if the elevated temperature introduces any tendency toward
buckling of the column, This tater consideration is important in
the repair of seismic damage, because gravity loads must be
supported during the repair. Elevated temperatures dramatically
reduce the modulus of elasticity and yield stress of steel, and
thus the ultimate buckling load will be smaller, IT tnis
reduction in strength does not exceed the reserve strength or
margin of safety of the column, it may be possible to repair the
damage with minimal added bracing or support.

Deflections were measured with linear voltage displacement
transducers (LVDT's) on both direction at points along the axis
of the columns as shown in Fig., 3.10. Strain gauges were wmounted
in sets of five as shown in Fig. 3.11 at 3 locations as shown in
Fig. 3.10, These strain gauge locations were out of the heat
affected zone, and provided a measure of the time and temperature
dependent forces and moments in the column. Temperatures were
measured with temperature indicating crayons, and a non-contact
pyrometer as used in Series A. Ail strains and deflections were
measured with the electronic data acquisition system described in
Series A. The measurements were taken at 15 second time
intervals from just prior to application of compression load
until the specimen had reached thermal equilibrium. The heat was
applied with the same torch size and settings as used in Series A

experiments.
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Series B-2 consisted of two W1l2xl1l4 sections which were
heated with a continuous strip heat on a single flange as shown
in Fig. 2.1(b). This heat pattern is typically used to introduce
a distributed curvature (or camber) to a beam section., The strip
heat pattern is quite different than the V-heats used in the
other experiments, since it has a greater symmetry. Every
segment along the length of the member experiences a similtar time
and temperature history. However, the yielding is caused by the
compressive stress developed through restraint provided by the
unheated steel as in the Series A experiments. The ends of the
beam cannot develop this restraint, and so local end effects may
be expected. Series B-2 provided a measure of the curvature and
strain distribution produced by the strip heat and an indication
of the effect of the end boundaries on the resulting strain
distribution., The beam was supported as a 7' simple span with no
load (other than its self weight) applied. The top flange was
heated to 12009F (6499C) with a medium size torch. The beam
was drilled and punched for a 10" Whittemore Gage at the center
span, quarter span, and near the end as shown in Fig. 3-12. The
longitudinal distance between punch marks were carefully measured
before heating and after cooling. The temperatures were
monitored at points along the length of the specimen with a grid

of temperature indicating crayons.
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Summary of Experimental Program

This chapter has provided a description of the Series A and
B experiments. The experiments are not totally unique, since
limited experimental work [37, 38, 39] has been performed in
earlier research. However, these experiments will provide both a
broader and more in-depth understanding than is available from
the existing research, The detailed strain measurements used in
Series A and B-1 will provide an accurate measure of curvature
and distribution of plastic strain. The deformation measurements
are more accurate than those used in previous research, and the
greater accuracy will be helpful in development of a mathematical
model. They will serve as a baseline for comparison to
theoretical calculations described later in this report and will
provide a check of the validity of assumptions such as plane
sections remain plane. The femperature measurements will show
both the magnitude of the peak temperature but also the
distribution of the temperature over time and position. Research
which has been performed to date used relatively simple
measurements of deflection to estimate curvature and strain, and
the peak temperature was typically assumed to be canstant over
the heated area, while the unheated area {s assumed to remain at
room temperature,

This experimental study also broadens the understanding of
thermal stress behavior, through the wide range of parameters
evaluated in Series A. These experiments help to resolve many of
the inconsistencies noted in the literature, and it begins to

sort the substantiated facts from the unsupported opinions,
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CHAPTER 4

ANALYSIS OF EXPERIMENTAL RESULTS

Series A Experiments

The Series A experiments were performed [41] and the results
for mild steel are summarized in Table 4.1. The results for high
strength steel are summarized in Table 4.2, This chapter will
provide a description and analysis of these results. The
evaluation will focus on the 1important parameters and

contradictions in present practice noted in the eariier chapters.

Distribution of Strain and Curvature

These experiments provide a valuable contribution to the
understanding of heat straightening since they are the first
experiments to provide a reliable measure of the distribution of
strain in the deformed member. This is an important step in the
development of a mathematical model for predicting the heat
straightening effect, A series of steel pins were attached to
the steel specimen as shown in Fig., 3.8, and comparison of the
distances between pins provides a measure of the strain produced
by thermal yielding., Longitudinal strains were measured for all
specimens, but transverse and diagonal distances were also
measured for the majority of test specimens. Figures 4.1 and 4.2
show the typical constant strain contours for Tongitudinal and

transverse strain, respectively. These typical measurements were
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taken from Specimen 8. The magnitude of the measured strains
varied for different test conditions, but several general
observations could be noted. First, most but not all of the
yielding occurred within the heated area., This is an important
observation, since most mathematical models assume all yielding
is confined to the heated area. Second, large transverse
strains were noted within the heated area. The combined effect
of these observations was that the heated plates developed a
plastic rotation with a bulge as noted in Fig. 4.3, Most
longitudinal residual strains are compressive strains {i.e.,
longitudinal shortening) while transverse strains are typically
in elongation in fthe heated area and in compression in other
areas. Further, the magnitude of the transverse strains was
typically one half of that observed in the iongitudinal strain.
It is frequently suggested that plates with tensile stress in the
heated area will yield in tension rather than compression.
Specimens 21 and 29 were heated with a negative moment (i.e., the
moment introduced tensile bending stress in the heated area),
and no significant yielding was noted. The maximum compressive
residual strains were usually in the order of 1 or 2%, and larger
strains were noted for specimens heated to hotter temperature and
specimens with larger plastic rotations.

The plastic rotation produced by the V-heat was measured by
two methods., The first method was used in previous research
[36], and it employed a depth gauge and straight edge to measure
deflections along the bottom edge. The rotation was then
inferred by assuming a concentrated plastic rotation at the

center of the member. The bulging effect noted in Fig. 4.3 and
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" Figure 4.3.
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the small deflections measured made these rotations relatively
unrepeatable and inaccurate. Therefore, a second method was used.
This method [39, 41] used measurements between vertical lines of
pins which were symmetric about the heated zone as shown in Fig.
4.4, The measurements were made before heating and after
cooling, and the differences between these results were analyzed
by the least squares method to determine rotations. This second
method provided a much more accurate and repeatable measure of
rotation and these rotations are used throughout this report. It
should be noted that the first method generally overestimated the
plastic rotation, because the center of plastic rotation (and
neutral axis) was not at the center of the member as assumed by
the method. This occurred because all members except one became
shorter during the heating process. This 1is an important
observation, because damaged members typically elongate during
plastic deformation,

The method shown 1in Fig. 4.4 was used for rotation
measurements, but it also provides a measure of the reliability
of the assumption of plane sections remain plane., The plane
sections assumption is used in the analysis of many structural
members to satisfy strain compatibility conditions. 1t is
therefore reasonable to expect that the assumption may be useful
in developing a mathematical model for predicting the deformation
produced by thermal stress. The hypothesis was checked by
performing a statisticatl correlation [42] study. It was found
that plane sections clearly do not remain plane within the heated

area. Tfhe statistical correlation was invariably less than .5 or
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clearly satisfied a short distance outside the heated area since
a correlation coefficient Targer than .99 was attained in this
region. Several specimens did not provide good correlation with
the hypothesis. However, they all had essentially zero plastic
deformation and the poor correlation occurs because of the

limitations in the accuracy of the measurements.

Effect of Temperature

The temperature of the heated area is probably the most
important parameter in heat straightening. Figure 4.5 shows the
plastic rotation as a function of the average measured
temperature of the heated area for all mild steel specimens.
There is considerable scatter in the data, because many of the
other parameters were varied during the tests. However, it is
clearly evident that plastic rotation increases with temperature,
and there is no limiting temperature as suggested in one previous
work [15]. This effect is more precisely illustrated in Fig. 4.6,
where all of the parameters are held constant and most of the
experimental scatter is eliminated. While the temperature is
extremely important, it is also difficult to accurately define.
A1l of the heating was performed by technicians, and they judged
the temperature by the color of the heated steel. 1In addition,
actual measurements of surface temperature were made on the front
and back of the specimen (as described in Chapter 3) to obtain
the average temperature. Even the most experienced practitioners
made relatively poor estimates of this average temperature, since
they commonly misjudged it by + 100°F (+ 55°C) and sometimes

misjudged it by more than 12000 F {(110° c). Further, different
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technicians apply the heat differently and this likely
contributes to the scatter noted in the figures., For example,
some practitioners use a tight pattern with a more rapid torch
movement as shown in Fig. 4.7(a) while others use a coarse mesh
with slow torch speed as shown in Fig. 4.7(b).

This human variation in the application of the heat is
further iliustrated in Fig. 4.8. The torch tip and gas pressure
were held constant for all experiments, and so- the heat flux
should be approximately constant for all specimens with
differences introduced only by human variation in the application
of the heat (i.e., the height and angle of the torch and torch
speed). If the heat flux is constant, the time required to heat
the specimen should vary approximately Tlinearly with the
temperature for a unit volume of heated steel. Fig. 4.8 is a
plot of time required to heat a unit volume as a function of
temperature. The relationship is approximately linear, but there
is considerable scatter because of human variations in the use
of the torch., 1In view of this variation, small differences in
plastic deformation must be expected for different individuals.

Higher temperature results in larger plastic rotations for a
given heat pattern and Toad condition, However, there is a
minimum temperature below which no plastic deformation can be
expected. This minimum temperature varies with load but is the
order of 600°F (315°9C) for mild steel and 1000°F (540°C) for T-1
steel. It should be noted that these minimum temperatures are
higher than those suggested by a perfect uniaxial restraint
analysis. Since higher temperature produces larger plastic

rotation, it is tempting to use the hottest possible temperature,

65



Figure (a)

(b)

Figure 4.7. Photographs of Different Heat Patterns Obtained by Different
Technicians.
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but caution must be exercised, Previous discussion has
indicated that structural steel should not be heated to a
temperature greater than approximately 13009F without better
information as to the effect of the temperature on the material
properties. Since most technicians cannot consistently estimate
the temperature with greater accuracy than +100°F, 12000F is a
practical 1imit on temperature., Second, while alil of the
specimens supported the applied load without buckling during
these tests, test specimens had an inclination toward out-of
plane distortion and possibly plate buckling with increased
temperature. Finally, Series A experiments showed that pitting
and surface damage to the steel occurred when the surface
temperature exceeded approximately 14009F (760°) as shown in Fig,

4.9.

Effect of Applied Load

Previous research [36, 38, 3%] has shown that an applied
load which introduces compressive stress into the heated area
will increase the plastic rotation. The series A resuits support
this conciusion as illustrated in Fig. 4.10. The specimens were
loaded with a constant moment in the heated area as shown in Fig.
3.4, The ratio of the applied moment to the plastic moment
capacity at room temperature, Mp, is plotted against the plastic
rotation for the specified heat geometry and temperature in this
figure. The elevated temperature reduces the plastic moment
capacity while it introduces a thermal moment. The thermal
moment required to reach Mp is smaller if M/Mp increases,

and so it is very logical to expect that increasing applied load
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will increase the plastic rotation.

Effect of Residual Stress

It is frequently suggested that residual stress has a major
impact on plastic rotation achieved in heat straightening. If
this is correct, different plastic rotations must be expected for
virgin specimens, specimens which have been damaged due to prior
loading and specimens which were deformed during earlier heating,
since the residual stress will be quite different for each of
these conditions. Specimens 30, 31, and 32 were reheated and were
compared to similar control tests. Test 32 is comparable to 1
and 2 while 30 and 31 are comparable to %5 and 11, respectively.
Tne plastic rotation does not vary significantly for the reheated
specimens, and sb it is reasonable to conciude that residual
stresses do not affect the plastic rotation significantiy. This
conclusion can be rationally explained because it is well known
L43] that the plastic moment capacity, Moo is not affected by
residual stress if all forms of buckling are prevented. Residual
stress must be self-equilibrating, and so they cause no net force
or bending mament. Residual stress may induce early or delayed
yielding, but the full plastic rotation can be achieved only
after the applied moment reaches the critical value required for

the given temperature profile.

Effect of Specimen Geometry

Three different specimen geometries were evaluated in Series
A. They covered a range of depth to thickness ratios of from 8
to 32. Figure 4,11 shows the plastic rotation attained for

different specimen geometry as a function of M/Mp where the
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temperature profile is similar for all specimens. This fiqure
suggests that there is a geometric effect, but the precise
influence is not ¢learly defined., For small values of M/Mp,
thick, shallow specimens resulted in significantly larger plastic
rotations, For larger toad ratios, narrow, deep specimens had
slightly larger plastic rotations, but the difference was not
great. The reason for this variation is not totally clear, but
many factors affect the behavior, Thermal stress is very
sensitive to the temperature gradient, and two dimensional heat
conduction [20] depends on the depth of the specimen. However,
the time required for heating depends upon thickness as well as
the depth, and therefore a greater relative quantity of heat flow
can be expected for shallow, thick specimens. This causes
variations in the temperature gradient as a function of time and
modifies the yield pattern, The problem is further complicated
by the fact that the thick plate was heated from both sides.
Therefore, the deformation will vary with plate geametry for
similar heat patterns, but the variation appears to be related to
differences in heat conduction flow and the resulting thermal
gradient rather than other fundamental differences.
Effect of Quenching

Some of the specimens were quenched with a water mist after
heating. Quenching was usually started 30 seconds after
completion of heating, but some experiments were started
immediately after heating while others were delayed for 2 to 4
minutes. The mist was sprayed on both sides of the specimen
until the steel was cooled to 2129F (100°C). The weight of the

evaporated water was measured, since it is an approximate
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indication of the heat removed by quenching, Table 4.3
summarizes some of the quenched test results and provides a
comparison of the quenched tests to similar unquenched specimens.
Most specimens showed a significant increase (typically 20% to
80%) in plastic rotation with quenching, but there were several
notable exceptions. Specimens 48, 49, and 51 showed a reduction
of plastic rotation with quenching, and 22 and 50 showed 1ittle
effect of quenching. However, special circumstances can be
associated with these specimens. Specimen 48 and 49 used a
delayed quenching, and delayed quenching reduces the plastic
rotation as shown in Fig. 4.12. This figure shows the plastic
rotation attained for different specimens with different delay
times for guenching and similar heat patterns and loading ratios,
Specimen 22 and 51 are compared to unquenched specimens with
somewhat hotter temperatures, and elevated temperatures cause

increased rotation as noted in Figs. 4.5 and 4.6. Quenching is
clearly most effective when a large quantity of heat can be
dissipated, since Table 4.3 shows that specimens with the largest
weight of evaporated water also had the largest increase in
rotation. In view of these observations, it is logical to
conclude that quenching will consistentiy increase the plastic
rotation if the quenching is performed shortly after heating, but
guenching should be used with great care at temperatures 1in
excess of 1200°F (650°C), since sudden cooling may affect the

material properties as noted in Chapter 2.

72



€L

DUENCHED

TEGT DAT

SFECIMEN

TABLE 4.3

A FOR GUENCHED SFECIMENS

ROTATION DELAY WGET.

#

£
B3

2oy v
it b

4

L)

DEFTH  HEAT

RATIO ANGLE

&HO

o 70
o 230

70 LHO .

. 0 &0,
W 7SO 45w
o ’L“(-) 45"

s 750 éO.

LD
RATIO
« 15E7
« L3587
L EBT
« 1587
- 1387
. 1587

. 1587

. 1587

TEME,
(F.)

1000,
700,
950,
FO0,

1260.

1175,

1125,

14950,

ANGIE TIME

2 76 0

1547 =0
L EROT 20

« 2854 =0
s 4560 0
120

iz
2Bl

2619 240

L O79E B0
L1672 E0

W 4O E 50

1. 14658 EQ

WATER

B

a0

&7
236

127

=84

UNGUENCHED COMPARISON

ROTATION COMP.

# TEMP.
(Fa)

11 1075

S 1180

il 1075
58 118G

LT 780
w7 1000
11 1075
58 1180

28 14735

ANGLE

419
» 084
)
» 157
- 340
« 340

AL
- 240

. 082
L 202
419

. 340

L 86‘?

RATIO

. 925

1.833



@ 10Ok
J})
&
b}
e
:
<
8 0.5}
p: -]
jrm
g -
oM
O F’* I’ e + 4
1 2 3 4
TME (Minutes)
Figure 4.12. Effect of Time Delay of Quenching on Plastic Rotation.
-0.1

o
N

Initia_l- Deflection Due To P — A Effect
200 400 600
< !

800

5

Displacement (Inches)
= =
bo -

M 3
g ——— -+

)

‘ Midheight =

Time Required To
Complete Heating

o ‘
(%]

Figure 4.13.

TIME ({Seconds)

Time Dependent Deflections of Specimen B3

74



Effect of the Geometry of the Heated Area

Previous research [36, 38, 391 has shown that increasing the
depth of the heat and the angle of the V-Heat increases the
plastic rotation, and these conclusions are supported by the
Series A experiments. Figure 4.% shows that increasing heat
angles generally results in 1increased plastic rotations even for
heat angles as large as 829, The effect of heat depth can be
seen by comparing specific data points (such as Specimens 1 and 2
compared to 3 and 4) in Table 4.1. However, full depth heats may
be less effective unless the heated steel is restrained by a
compressive stress or bending moment, because it is approaching
the unrestrained thermal expansion condition, While increasing
heated area increases the plastic rotation achieved with a ¢given
temperature, the Series A experiments show that increases in
heated area also increase the out of plane deformation and the

probability of local buckling.

Effect of the Yield Strength of the Steel

Increased yijeld strength reduces the plastic rotation
achieved with a given heat and load pattern. This contradicts
the opinions held by some practitioners, but it can be clearly
seen by comparing the data of Table 4.2 with that shown in Fig.
4.5, Increased yield stress increases the plastic moment
capacity, Mp, and this reduces the effectiveness of an applied
loading, since the load ratio is reduced. Thus, a larger
temperature increase is needed to cause initial yielding. It is
tempting to apply larger restraining 1oads, but this increases

the probability of buckling, because the elastic modulus does not
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increase for high strendgth steel. However, most structural
steels are carbon or iow alloy steel will yield strength no
greater than 50 or 60 ksi (345 or 4156 MN/mz), and so while high
strength structural steels may require more effort to repair, it
is not 1ikely to be an insurmountable problem for most practical
conditions, Quenched and tempered steel such as A514 probably can
be repaired or cambered by heat straightening, but it may not be
an economical procedure. Ab514 steel apparently does not deform
plastically uniess heated to temperatures in the order of
10000F(540%) or higher and the maximum temperatures will likely
be limited to the tempering temperature of the steel
(approximately 11500F), because higher temperatures may change
the material properties of the steel. These constraints

seriously reduce the effectiveness of the method.

Effect of Time and Variations in Thermal Properties

Time and temperature were the most difficult parameters to
control during these experiments, because they may vary
dramaticalliy with minor changes in the style of the operator. If
the torch was held closer to the steel, at an angle to the steel,
or was moved at a different rate or in a different pattern, the
time required to heat the specﬁmen will change as seen in Fig.
4.8; Further, as time elapses, conduction of heat within the
metal and radiation and convection heat losses become more
important, and and this further complicates the process. Table
4.4 helps to understand the effect of time. It compares the
plastic deformations obtained for specimens with similar

geometry, loading and heat profiles but with different heat
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times. Plastic rotation changes with the time required to heat
the specimen, but there is no obvious, consistent relationship
between the two. Further, the time dependent variation is
relatively small compared to the variations observed with other
parameters such as applied load and temperature. In fact, the
differences seen in Table 4.4 in plastic rotation could also be
explained by minor differences in temperature. In view of tfhese
observations, it is believed that the time required to heat the
specimen is of secondary importance to the straightening process.
That is, very large time differences are needed before
significant differences in plastic rotation will occur. This is
believed to be vaiid because time enters primariiy through the
conduction heat f1ow in the steel, The time required to heat a
specimen must be 1ong enough to assure a minimal temperature
gradient through the thickness of the steel, and short enough to
have favorable in plane time dependent temperature profiles. As
long as the time remains within these limits, relatively small

differences in plastic deformation are expected,.

Series B Experiment

The Series B experiments were performed as the first step in
extending the knowledge gained in Series A to more complex
structural shapes and practical conditions. Two types of tests
were performed, Eight W6x25 sections of A36 steel were tested,
while simulating column locading. Two W12x14 sections were tested
while simulating the cambering action {shown in Fig. 2.1(c))

commonly used for wide flange beams.
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Column Tests

The results of the column tests are summarized in Table 4.5,
Two of the specimens (Bl and B2) were simple stubs of steel
section, which were heated with no applied load. The heat was
applied on a single flange, and the geometry of the flange
closely simulated the 3/8" x 6" plates used in Series A, The
rotations for Specimen Bl and BZ were measured with steel pins as
in Series A experiments and they are rotations of a single flange
rather than the total section, As a result, Specimens B8l and B2
are somewhat comparable to Series A specimens 16, 20, and 34,
The rotation obtained for Bl and B2 appear to be smaller than
would be consistent with the Series A test results, This
indicates that the stiffness of the web and unheated flange
reduces the plastic rotation over that occurring in flat plates.
This reduction appears to be in the order of 25-30%, and it must
be considered when evaluating the effect of thermal stress on
structural shapes,

Specimens B3 through B8 were columns wTUTE%va]ues of
either 60 or 118 and they were loaded with an axial load which
was 40% or 80% of the AISC allowable compressive load. The heat
was applied on a single flange with heat patterns as used for Bl
and B2. This heat pattern induces lateral motion and twisting of
the wide cross section. Centrovidal deflections were measured at
intervals during the heating and subsequent coocling, and they
were used to determine plastic rotations. The weak axis rotation
is the rotation of the centroid of the cross section and it is
approximately one half that occurring in the heated flange. A

strong axis rotation was also noted, but it was too small to be
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accurately measured, Fig.4.13 shows typical time dependent
displacement records for specimen B3. It illustrates the classic
behavior noted for heat straightening. That is, the specimen
deflects in one direction during heating as shown in Fig., 3.7.
Yielding occurs in the heated area and the contraction caused by
cooling reverses the defiection to obtain the permanent rotations

and deflections seen Fig. 4.13 and 3.7.

The above behavior illustrates an important consideration in
the development of heat straightening programs for compression
members. Initial heating of the steel increases the damage
deflections of compression members. These deflections cause
increased P-A moments while decreasing the strength and
stiffness. This means that columns are more prone toward
buckling while being repaired. One important objective of
experiments B3 through B8 was to evaluate this tendency toward
buckling. None of the columns exhibited a strong tendency toward
buckting. They all supported the applied compressive load during
the heating process.

Since the P-A effect reduces the compressive stress while
the steel is hot and increases the compressive stress during
cooling, the plastic rotations were smaller than if P-A
deflections were prevented. This suggests that the addition of
restraint, which restricts lateral defiection and limits the P-A
moment, will be particularly effective for compression members,
The experiments were further complicated by the warping stiffness
of the columns. The heat pattern causes rotations about the

longitudinal axis in addition to lateral movement. The pinned
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end boundary conditions (see Fig. 3.10) permits free rotation for
the weak axis and fixes the strong axis. Since the pin
essentially enforces the same rotation for both flanges, it also
introduces a warping restraint. This warping effect was analyzed
[41] and it was found that the warping restraint also reduces
the plastic rotations obtained by a given heat pattern., These
factors had considerable impact on the experimental results for
specimens B3 through B8, The plastic rotations for these six
specimens were relatively small compared to Bl and B2, when the
increase in compressive stress is considered, and they are even
smallier when compared to the Series A experiments. Increased
axial force (and compressive stress) increased the plastic
rotation, but the increase was limited by the P-A effect and
warping restraint, Columns with low slenderness ratios, E;,

have targer working stresses but develop smaller plastic
rotations for the given axial compression, because of their
greater stiffness under compressive load. It must be again
emphasized that the weak axis plastic rotations for specimens B3
through B8 should be doubled when compared to Bl and B2 and
Series A experiments, because these are plastic rotations of the

centroidal axis rather than rotations of the heated flange.

Beam Experiments

Two W12x14 beam specimens were heated [39] with a continuous
strip heat pattern down the center of the flanges as depicted in
Fig. 2.1(b). This pattern is frequently used to introduce camber
into beams and girders., They were heated to approximately 1200°F

and the curvature and strain distribution were measured with a
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Whittemore Gage at the mid-span, quarter-span and near the end,
The specimen had no loading other than its own self weight.
Tablte 4.6 summarizes some of the more important results of these
tests. Fig. 4.14 illustrates a typical maximum temperature
distribution over the steel ¢ross section, and Fig. 4.15 shows
typical strain or curvature distribution near the end of the
specimen and at mid-span. It should be noted that the

heat was continuous over the length, The assumption that plane
sections remain plane appears to be satisfied within the flanges
and web, although there is some twisting due to warping torsion.
However, no compressive stress develops at the ends of the beans
during heating, and so the plastic strain distribution is fairly
constant over the length in the interior portions of the beam and
it is smaller near the ends.

While the heat pattern was approximately constant over the
length and symmetric about the plan of the web, significant
transverse curvature was noted. That is, the beam also deflected
normal to the plane of the web. This can be clearly seen from
the strain distribution in Fig. 4.15, and it apparently was
caused by residual stress in the beam and the narrow flanges of a
deep section. The beam specimens had been previously used in a
series of lateral-torsional buckling experiments, and so residual
stresses should vary over the flange because of local yietding
due to warping torsional stress. Residual stress is important
for the Series B beam experiments but it is unimportant for the
Series A experiments, because the plastic strains were much
larger in the V-heated specimens, Figure 4,16 shows a typical

elasto-plastic moment curvature relationship for a steel beam
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with no residual stress, moderate residual stress and large
residual stress. Residual stress has no impact on the ultimate
plastic moment capacity of the beam, but they greatly influence
the initiation of yieiding. Therefore, if the thermal stress
induces large internal moments (i.e., the elastic thermal moments
would be large compared to the Mp of the section), the full
plastic moment will be achieved, large piastic strains witl
develop, and the plastic rotation will not be influenced greatly
by residual stress. However, if the yielding is marginal (i.e.,
the elastic thermal moment is small or at feast not Targe
compared to Mp), the plastic strains will be small, and the
residual stress will have considerable impact on the plastic
deformation, V—Heats typically use deep heat patterns with
relatively high temperatures and this induces Jlarge thermal
moments and plastic strains. Plastic strains in the order of .01
or .02 were commonly observed with V-heats, while the strip heats
develops plastic strains which are an order of magnitude smaller.
A V-Heat with low temperatures, small heat angle, or shallow
depth would not develop these large internal moments and so
residual stress would be more important. The strip heat used in
the beam experiments causes marginal yielding, and residual
stress becomes more important. This is clearly seen by comparing
the maximum plastic strains seen in Fig., 4.15 with those seen in

Figs. 4.1 and 4.2.

Summary

This chapter has provided a brief description of the Series

A and B experiments, and an analysis of these results. It has
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shown how different parameters influence thermal stress and heat
straightening. There is considerable scatter in the test
results. This scatter occurs because it 1is not possible to
precisely control {he time and temperature in the experiments,
and further it is not possible to precisely measure temperature
or temperature distribution, However, the general conclusions
are well supported and documented. Further, they seem to form a
rational theoretical framework. In the next chapter a
theoretical model will be developed and compared to these
results. This is an important step because the model is needed
before reliable predictions of heat straightening deformations
can be achieved. The experiments provide an essential baseline
for this model, since they help determine the reljability and

validity of the calculations.

87



CHAPTER 5
A THEORETICAL MODEL

General Comments

The development of an analytical model for predicting the
effects of heat straightening is essential to the development and
utilization of heat straightening for damage repair. The results
of a heating program must be predictable before engineers can
specify its use in practice. As noted earlier, several models
have been proposed. Holt [16,32] prepared a simple model for V-
heats and spot heats., The model has given fair agreement with
some but not aill experimental results [30], but some serious
anomalies can be noted. The model does not satisfy strain
compatibility conditions for the V-heat, and it uses an
unrealistic temperature distribution. It suggests that there is
a maximum temperature for heat straightening, but this clearly 1is
contradicted by experimental results, Further, it does not
provide a realistic estimate of the effect of restraint and the
effect of the depth of heating.

Brockenbraugh [34] has proposed the use of a strip model for
continuous heats on steel shapes. Compatibility conditions are
enforced by the application of the plane sections{assumption.
Experiments have shown that this assumption is severely violated
within the heated area of concentrated heat patterns such as V-
heats. The assumption is realistic outside the heated area and it
is apﬁroximate1y maintained with continuous strip or edge heats.

Other authors, [37,38] have attempted to extend this model to
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concentrated heat patterns, such as the V-heat or spot heat
despite the compatibility probiems with mixed results. This
model is an iterative model and therefore more difficult to use
than the simple model suggested by Holt., It eliminates some of
the irrational predictions which may result from the simple
model., It also permits the use of a realistic time dependent
temperature distribution, but this is done at the cost of
increased Toad steps and iterations. However, the model may
provide a good indication of global behavior, if these
refinements are introduced. It can never predict local behavior,
and it will sometimes oversimplify the problem and produce
erroneous results.

Therefore, another model was developed. The objective of
this model was to predict both the local and global behavior of
the heated member. The understanding of local behavior is
essential, because local effects tend to influence important
failure modes such as buckling, fracture and fatigue. The model
must consider the time variant temperature distribution of the
steel, and it must include the temperature dependent elastic-
plastic strain and deformation. The heat flow and elastic
deformation are theoretically coupled phenomenon [19], but this
coupling effect is not significant unless the temperatures change
very rapidly. Heat straightening appears to be well outside this
critical range, and so the heat flow and plastic deformation
problems are separated. The time dependent temperature profiles
are first computed with a finite difference model. A series of
time 1independent temperature distributions are generated from

the heat fiow analysis, and these are used as load steps for an
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non-linear finite element analysis. The temperature history is
considered in all phases of the analysis, and the temperature

dependent properties of the steel are included.

Heat Flow

A finite difference heat flow model [44] was developed for
rectangular plate specimens such as those evaluated during Series
A experiments., The plate was broken into a rectangular drid and a

simple thermal energy balance was applied to each element.

ATpCpAV = g +.q, + Q. *+ Q¢

At
AT and At are the incremental temperature and time, and AV is
the volume of the element. The thermal mass is PCp, and qg, qc,
ar, and q¢ are the rate of heat flow by conduction, convection,
radiation and torch input flux, respectively. The thermal

conductivity between adjacent elements is discretized by

ae
where Ay is the conduction surface area between elements, Ky i5$

the thermal conductivity, dage is the centroidal distance between
elements, and T, and T, are the respective element
temperatures. Note that this simple model assumes the element is
always of a uniform temperature. The convection and radiation
heat transfer between the steel and the surrounding air are

computed by the Newton equation,

9 = Ac (Te - Ta) (5.3)
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and the Stefan-Boltzman equation,
- | (5.4)
Ay Ar Fe Fa

Ac and A, are the areas for convection and radiation,
respectively. Fg and F; are the emissivity factor and the shape
factor, and 1is the coefficient of convective heat transfer.
Note that convection heat loss is not considered while the torch
is heating a given element, Neither convection nor radiation
have a significant effect on the element temperatures until the
cooling cycle is started.

The input flux is a critical parameter in the development of
a realistic time-temperature profile, The elements are
sequentially heated to a target temperature with the pattern of a
V-heat shown 1in Fig. 5.,1. This pattern simulated the serpentine
pattern shown in Fig, 2.1(a), but it assumes the temperature
profile is symmetric about the centerline. While the heat flux
was directed toward a single element, the spreading of the flame
of the torch shown in Fig., 5.2 heats adjacent elements.
Previous research [37] has shown that this spreading effect can
be modeled with the equation
(5.5)

9 = G(r)A
and

G{r) = ae (5.6)

where a and b are experimental parameters and r is the radial
distance from the center of the torch, The parameters a and b
vary with the size and placement of the torch and likely they
require calibration for different welders.

The parameters a and b were selected to provide reasonable
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correlation with the temperatures observed during the
experiments. The combination of equations 5.1 through b.b can
then be solved to determine the time dependent temperature
profile. Steady-state temperature profiles require the
assumption of an initial temperature profile, and the correct
temperature distribution is determined by iteration., However,
the transient solution can be determined by direct step-by-step
solution if the time step size is sufficiently small., The step
size must be carefully selected to assure that the solution will
be stable. This method was used for different temperatures and
V-heat patterns, and the solution was obtained with a computer
program deve]dped on the Hewlett Packard HP 9816 Computer

System. The program was written in HP Basic 2.0 and Appendix A
provides a listing of this program with input instructions.
Figs. 5.3 and 5.4 provide a typical comparison of these computed
temperatures with experimentally measured results. Good
correlation can be obtajined with this mathematical model, but
these results must be modified before they can be used in the
non-~linear stress-strain analysis. Therefore, & number of
temperature profiles were selected at specific time intervals
throughout the time history. The time intervals were selected to
assure that the incremental temperature change for any element
was not too large, (typically less than 150°F) and 30-60 load
steps were typically needed to simulate the heating and

subsequent cooling program,

Non-Linear Finite Element Analysis

The time independent temperature profiles obtained from the
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heat flow analysis were then used as applied incremental loads
for a non-linear finite element analysis. The finite element
method was used to analyze V-heats and other concentrated heat
patterns where the temperature gradient is large in the plane of
heating but negligible through the thickness of the steel.
Therefore, a plane stress isoparametric finite element was‘used.
The elastic stiffness and properties of this element were derived
by usual matrix formulation and variational methods [45]. The
change in temperature for eaeh load step and the temperature
dependent coefficient of thermal expansion provided the applied
loads for each step. It should be noted an elastic material with
an incremental change in temperature and perfect biaxial
restraint develops an internal stress.

g -0 :' OLATE

X z (5.7)

T-v
and so the coefficient of thermal expansion,aand the incremental
temperature change provide an equivalent body force to the
element.

Non-linearity is introduced through yielding of the steel
the temperature dependence of the yield stress E anda, Figs.
5.5, 5.6 and 5.7 show the variations of these parameters used in
the analysis. The Von Mises yield ¢riteria was used as the
yield surface. This criteria depends only upon the deviatoric

component of stress, and yielding occurs when

2

Jo' -k >0 (5.8)

where Jé is the second invariant of the deviatoric stress tensor

and k2 is the yield constant.
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J = ] £ £ . T (5.9)

2 Zi=1 j=1 1Y U

C. . _ 5.10
Ty = Tig %psu. ( )
3
= g T..
° i=1 H (5.11)
and

2 2 )

k -%_ Fy (5.12)

The stress components,'nj,

under uniaxial tension Fy, are the only variables in the yield

and the yield stress of the steel

surface calculation, but the size of the yield surface changes
with temperature because of the yield stress variation shown in
Fig. 5.7. The calculation of stresses and strains after initial
yielding requires a plastic flow rule, and the Prandtl-Reuss
bilinear flow rule was used with a small amount of isotropic
strain hardening [46, 47}. With this model the plastic component

of strain, deijp , is computed by

de.. P = T..dx (5.13)
i3 i3

where d A is a scalar multiplier dependent on the stress state.

o
al

di = 3 (5.14)
2

al
=

The term, 0 , is the equivalent uniaxial stress for the given
stress state, and H' is the hardening ratio with respect to

plastic strain [46].
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Convergence and Stability of Non-Linear Solution

These forms of the yield surface and flow rule are well
known and documented in many references., Therefore, they may be
easily programmed into a finite element analysis. The non-
linearity is introduced into the linear finite element method by
a series of incremental step-by-step linear solutions. Fig. 5.8
illustrates three commonly used methods. The tangent stiffness
(or Newton-Raphson) method shown in Fig. 5.8(a) changes the
stiffness after each load step and iteration. A linear elastic
analysis is performed with each iteration, and the computed
response is used to compute changes in state, a new stiffness,
and the unbalanced Toad vector which are passed on to the next
iteration. Iteration is continued until the unbalanced load is
"reduced to an acceptable limit. Fig. 5.8(c¢c) illustrates the
constant stiffness iterative method. The structural stiffness is
always kept constant, but the yield criteria and flow rule are
applied to the computed strains to accurately determine the state
of stress and unbalanced Toad vector. Fig. 5.8(b) #1lustrates
one of several possible combinations of these two methods. Here
a new stiffness matrix is formed and solved at particular points
such as the beginning of each load step or after a specified
number of iterations.

Each of these non-~linear solution methods have advantages
and disadvantages. An intuitive observation would suggest that
the tangent modulus method should converge with the smallest
number of iterations, but each iteration will be costly since a
new stiffness matrix must be formed and analyzed for each

iteration step. Further, difficulties may be expected on cooling
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or unloading, because this method may not respond equally well to
stiffening and softening behavior. The constant stiffness method
requires many more iterations, but the iterations reqguire much
less computer time, because only back substitution of -the
stiffness soltution is required, Combined methods such as
depicted in Fig. 5.8(b) would appear to offer the best of both
methods, but it is difficult to devise a modified method which
accommodates load reversal and thermal stiffening as well as
normal yield behavior.

However, the thermal 1oading used in the finite element
analysis severely complicates the selection on appropriate
method. Plastic stiffness models, which are based on an
associated flow rule such as the Prandtli-Reuss bi-linear model,
employ isothermal plasticity models. Stable solutions result
with these models for a wide range of conditions. However,
Drucker's postulate for stable plastic flow requires that only
positive total work can be done by applied loads during yieiding.
Temperature dependent behavior results in reduction of yieid
stress and stiffness when temperature is increased and increases
when temperature is decreased. Therefore, it is possible that
temperature dependent plasticity may violate the conditions of
stable plastic flow. In any case, the Newton-Raphson method and
Modified Newton-Raphson methods produced quick and accurate
solutions with plastic flow with no thermal effects, but these
methods usually diverged with the addition of thermal effects.
The constant stiffness method appears to invariably converge for
all cases, but the convergence was frequently extremely slow.

Many solutions required more than 20,000 iterations over 30 to 60
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load steps for adequate convergence.

Determination of an appropriate convergence criteria was
difficult for nonlinear thermal stress solutions. After numerous
trials of alternate convergence c¢riteria, a dual criteria was
selected. Both criteria are based on the strain energy of the
system since this enerygy contains a measure of both the strains
or deflections and the unbalanced force or stress in the body.
The primary convergence criteria, Cl1, compares the energy for
the given iteration to the summation of all for previous
iterations of that load step. The second criteria, (€22, is
compared to the magnitude of the energy for that iteration. This
second criteria is intended to prevent excessive iteration on a
load step with very small Toads or deformation, since it may not
be possible to achieve normal convergency under these conditions.
Figure 5.9 illustrates the variation in solution resulting from
different convergence criteria for a typical thermal stress
sofution. Generally, better accuracy and faster convergence of
the non-linear solution were obtained with less restrictive
convergence criteria if the applied 1o0ad was greater than zero
but not too lTarge. Large applied loads result in large plastic
deformation and greater instability of the solution. Extremely
small applied loads resuited in small plastic deformations, and
consequently the convergence errors were relatively larger.
Figure 5.9 shows that the solution was somewhat erratic if C22 is
less than 10-8 regardliess of the value of Cll, Further, the
sotution is not dramatically improved when Cll and C22 are
reduced below 10-3 and 10'9, respectively. These criteria were

used for all heat straightening analysis described in this
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report., These criteria are believed to be acceptable for

most problems of practical importance , but €22 could be reduced
further when M/Mp is less than 0.05 or greater than 0.4. The
solution is Tess stable when M/imp * 0.4 becayse the plastic
rotations are large, and it is relatively unstable if %<;05

because the plastic deformation is nearly zero. p

Validity of the Solution Method

Appendix B contains a listing of the computer program for
the finite element analysis and input instructions for using the
program. A series of calibration runs were made to determine the
validity of the method, before it was used for heat straightening
analysis. The first of these calibration runs considered a
rectangular cantilever beam with a point load applied at the free
end as shown in Fig. 5.10. The beam was broken into a
rectangluar grid as shown in the figure and the load P was
gradually increased until 75% of the section yielded at the fixed
end and then slowly removed. The results of the finite element
analysis were then compared to an exact solution [48]. Fig. 5.11
shows a comparison of the force-deflection behavior of the beam,
and Fig. 5.12 shows a comparison of the Tongitudinal strain
distribution at the maximum load for the finite element and exact
solutions. Finally, Fig. 5.13 shows a comparison of the residual
stress after the load is removed. Comparison between the two
solutions is good both at the global and local level, and
convergence was achieved with tolerences much larger than those
required for thermal solutions. A slight difference between the
soiutions can be noted at the fixed end boundary, but this

difference is caused by incorrect modeling of the finite element
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solution boundary condition rather than a problem with the
solution method. The finite element boundaries shown in Fig.
5.10, result in a local variation in shear distribution at the
fixed end, because all shear force is transferred through the
central node. O0Other variations in the finite element boundaries
were tried and similar local variations at the fixed end were
noted because of variations in shear stress distribution or
pinching of the elements due to restriction of transverse strain.
Simple finite element boundaries simply do not provide an
accurate simulation of clamped end boundaries used in exact beam
solutions.

The preceeding analysis was an isothermail analysis.
Verification of the thermal problem was also needed but there are
very few exact solutions of plastic, thermal stress problems
[19]. If the thermal properties of the material are constant, no
elastic stress is induced in an unrestrained cantilever beam
subjected to a temperature profile which is constant or linear
over the length or depth. A parabolic temperature distribution
results in elastic thermal stress, and ultimately yielding will
occur, Figures 5.14 and 5,15 show the stress and strain
distribution for the inetastic finite element analysis and the
exact elastic and plastic solutions. The dotted 1ine is the
exact elastic solution and the solid line is the exact plastic
solution. The shape of the strain distribution is similar for
both elastic and plastic solutions as would be expected. The
inelastic finite element solution correlated well with the exact
plastic solution at convergence criteria which were less

restrictive than thaose used in heat straightening analysis.
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Heat Straightening Analysis

The non-linear, temperature dependent finite element model
was then used to calculate the response to a targe number of V-
heats similar to those used in Series A experiments. As noted
earlier, the convergence of some of these solutions was quite
slow, but the accuracy of the final solution was good. Large
plastic strains were observed in the heated areas. Longitudinal
strains in the order of 1% were typical and plastic strains as
large as 2% were not uncommon., OQutside the heated area some
plastic deformation occurred, but the magnitude of these strains
was an order of magnitude smalter. Large transverse plastic
strain and bulging also were noted in the heated areas. The
distribution of strain and magnitudes of strain obtained in the
finite element solution agreed well with the wmeasured
experimental results. This can be observed by comparing the
computed longitudinal strain contours shown in Fig. 5.16 with the
measured values for a comparable specimen in Fig. 4.1. Slight
local differences cah be noted near the boundaries, but the
general results are very similar,

The plastic rotation and plane sections hypothesis were
evaluated at varjous location with a least squares analysis of
the computed nodal displacements, Plane sections clearly do not
remain plane within the heated area, but a short distance outside
the heated area the plane sections assumption is very reasonable,
since statistical correlation coefficients in excess of .99 were
typically obtained. Again these observations agree very well
with experimental data.

The overall plastic rotations and deflections of the beams
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also agreed well with experimental observations if the solution
had properly converged. The good global and local comparison of
the computed experimental results are extremely fmportant.
Global accuracy is needed to predict the plastic deformation and
the number and location of heat applications required to repair a
measured damage pattern. However, local accuracy is needed to
estimate the plastic strains and residua] stress induced by the
heating. These local effects may be extremely important in
evaluating the future potential for brittle fracture and fatigue.
Further, the residual stress is on important parameter in the
determination of the buckling capacity of repaired members. The
heat straightening (or cambering) process induces large residual
stress, and these residual stresses are predicted by the finite
element analyses. Fig. 5.17 is a typical longitudinal residual
stress contour obtained from the computer analyses. Note that
this analysis is comparable to the experimental results shown in
Figs. 4.1 and 4.2. It should be noted that residual stress is
extremety difficult to accurately and reliably measure 1in
experiments, and so these calculated stress values cannot be
verified experimentally. However, in view of the good general
comparison between measured and computed strains and
deformations, it is likely that the computed residual stress is
approximately correct. The computed residual stress distribution
of Fig. 5.17 shows that Targe compressive residual stress occurs
at the extreme fiber of the heated specimen, This causes earty
yietding in compression members and may result in a dramatic loss
in 1ocal bending stiffness. The tangent modulus buckling theory

[49], which is used to predict the inelastic buckling capacity of
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columns, indicates that this reduction in stiffness may
reduce the buckling Toad of a straightened member. However, the
compressive residual stress occurs only over a short length, and
this reduction in stiffness may also have insufficient Tength to
influence the buckling capacity. This clearly is one area where

more research is needed,

Further Comparison of Theoretical Predictions with Experimental

Results
The mathematical model also provided good correlation with

the experimental results on a global level. Fig. 5.18 shows the
computed plastic rotation for 1200° V-heat with a 609 heat angle
and 2/3 depth for A36 steel. Increased yield stress results in
decreased plastic rotations as observed in the experiment. For
example, a 16% increase in yield stress resulted in 29% and a 5%
reduction in plastic rotation if the load ratios were .15 and .25
respectively. Series A experimental results with reasonably
comparable heat conditions also are plotted on this curve. Note
that there is some scatter in the comparison, because the
temperature could not be precisely controlled in the experiments
and the yield stress of the steel in the Series A experiment
exceeds 36 ksi, Figure 5.19 illustrates the effect of heat angle
and temperature on the predicted plastic rotation, The figure
shows that increased plastic rotation occurs when the angle of
the heated area is increased. However, this effect does not
become significant until the temperature exceeds approximately
10009F (5400C). Comparable experimental results are also plotted

on this curve., The mathematical model also predicts that the
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plastic rotation increases with increasing temperature as noted
earlier. This is also consistent with experimental observations.
Figure 5.20 shows the computed effect of heat depth on the
plastic rotation. Increased depth generally results in increased
plastic rotation as observed in the experiments. The 3/4 depth
heat resulted in a slight reduction in plastic rotation and an
attempted analysis for a full-depth heat did not converge. This
may indicate that a more refined convergence criteria is needed
for these conditions. However, it may also be suggesting that
deep heat patterns have less restraint provided by the
surrounding unheated metal, and so0 smaller rotations may occur,
Figure 5.21 shows the effect of the time required to complete the
heating on the plastic rotation. The plastic rotation is
influenced by varjation in time, but the sensitivity is clearly
less than that seen for temperature and applied loads., This
again agrees with intuitive observations. No stress is developed
without a thermal gradient, and so0 smaller plastic rotations must

be expected with extremely slow heating.
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CHAPTER ©

SUMMARY AND CONCLUSIONS

Summary

This report has described a study into the use of thermal
stress or heat straightening for seismic damage repair. It has
shown that heat straightening is an economical method for
repairing damaged steel which has not been cracked, torn or
excessively deformed. A Tocal concentration of heat is applied
to the structure in one of several weil defined patterns, and a
temperature gradient is developed. The heated steel tries to
expand, but expansion is restricted by the surrounding unheated
metal and any additional restraint which is applied. Further,
the yield stress and elastic modulus decrease in the heated
steel, and the steel yields primarily in compression. This
yielding causes permanent deformations which remain after the
steel has cooled, and the deformations can be used to curve or
straighten members.

While heat straightening has been shown to be an economical
method for repairing members which are not fractured or
excessively deformed, the method is not understocd by most
structural engineers. This 1is an important iimitation, because
the selection of the best repair method is necessarily an
economic decision where the cost of heat straightening must be

compared to the cost of replacement or strengthening of the
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damaged elements, However, the determination of the cost of heat
straightening requires a reliable estimate of the amount and
placement the heating needed to repair the damage and a
determination of the effect of the heat on the properties of the
steel. Structural engineers must be prepared to make this
assessment before the method can be widely used in practice.
This report is the first step in development of a method for

making this assessment.

Conclusions of this Research

Most structural steels are carbon or low alloy steels which
go through a microstructure phase change at approximately 1333°F.
As long as the steel is kept below this temperature, heating
should induce only minor changes to the material properties of
the steel. These changes may include a siight reduction in yield
strength and ductility and an increase in notch toughness. Since
welders cannot precisely determine the temperature of the steel
during heating, 12000F is a practical upper limit for these
carbon steels. High alloy steel, quenched and tempered steels,
or steels with strength developad by coid working or other heat
treatment may require lower temperature limits. Quenching or
slow cooling will both be acceptable for most structural steels
heated within these temperature limits.

Temperatures greater than 12009F will increase the plastic
deformation achieved by the heat, but they should be used only
when the effect on the material properties is understood.
Further, temperatures greater than approximately 14000F cause

surface damage to the steel.
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V-heats can be used to introduce a concentrated plastic
deformatiaon, Increasing temperature introduces increasing
plastic deformation. Further, an increase in heated area (i.e.,
the depth and/or angle of the V-heat) will also increase the
plastic rotation, but increases in temperature and heated area
also increase the out-of-plane deformation and the tendency
toward local buckling. The plastic deformation is caused by the
in-plane temperature gradient, and the primary yielding is
yielding in compression. The addition of loads or restraint
which induce compressive stress in the heated area increases the
plastic deformation. Quenching of the heated steel may increase
the plastic deformation by 20% to 80%. It is particulariy
effective if quenching is started immediately after heating,
since more heat is removed and a larger temperature gradient and
differential is created. There is also evidence that quenching
may atso reduce the tendency toward buckling if properly
employed, However, dquenching quickly cools the steel and
increases the probability of embrittlement if the steel is heated
above the phase change temperature,

V-heats cause large plastic strains within the heated area,
and minimal plastic strain outside the heated area. This results
in considerable cross section warping within the heated area, but
plane sections remain plane outside the heated area. Maximum
longitudinal strains of .01 t¢ .02 in compression are typical,
and transverse strains of one-half this magnitude are common.
These large plastic strains indicate that significant yielding
occurs, and the plastic deformation is not sensitive to residual

stress. High strength steel is more difficult to deform, since
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it requires higher temperature with increased restraint to
achieve a specified deformation. Little if any plastic
deformation is achieved with V-heats on mild steel with
temperature less than 6009F or on A514 steel with temperature
Tess than 1000°F.

The plastic deformation achieved by heating is somewhat
sensitive to the geometry of the steel. However, it is believed
that much of this effect can be attributed to differences in rate
of heating and heat flow. When the heat is applied to a single
flange of a wide flange section, the stiffness of the web and
unheated flange reduced the plastic deformation by approximately
25-30%. The column tests have shown that straightening can be
accomplished on columns while they are supporting service loads,
but the secondary moments due to gravity loads and end restraint
at the boundaries reduce the plastic deformation. The addition
of restraint should be particulariy effective with columns,

Line or strip heats cause much smaller plastic strains than
concentrated yield patterns such as V-heats, Maximum piastic
strains were an order of magnitude smaller than those observed on
the V-heats, and so strip heats are affected by the magnitude and
distribution of the residual stress.

A mathematical model has been developed to predict the
global and local effects of heat straightening, The wmodel
consists of a finite difference soluticn to the heat flow problem
combined with a non-iinear finite element solutijon, The finite
element analysis considers the temperature dependence of the
elastic modulus, yield stress, and coefficient of thermal

expansion. A series of time independent temperature profiles are
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generated by the finite difference solution and used as a series
of load steps in the finite element analysis. This analysis
compares very well with the experimental results at both the
global and local level. Good global comparison is useful in the
development of models for predicting the deformation which will
be achieved by heat straightening, and good local comparison is
helpful in the prediction of failure modes such as buckling,
fracture and fatigue. The model is presently applicable only to
rectangular pltates, but it can be readily extended to structural
shapes and structural systems. Further, there is some human
variation in the application of heat to the steel, and so the
analysis requires calibration to the human variations., An
accurate analysis requires many iterations, and is therefore

quite expensive.

Future Research Needs

This research should enhance the understanding of the
use of heat straightening in the repair of structural damage. It
provides guidelines on how to accomplish a repair, and how the
repair may be hastened or delayed by changing the various
parameters. Further, a mathematical model is presented which
predicts the heat straightening affect with reasonable accuracy.
However, additional research is needed to fully develop the
practical potential of the method. This needed research

includes.
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1. A thorough evaluation of the interaction between
the thermal stress effect and buckling. The plastic deformation
induced by heat straightening causes large residual stresses,
which may reduce the buckling strength of a column. Further,
study is needed to determine the maximum applied lToads which can
be safely supported while a structural member is being heated to
a given temperature and geometry.

2. The mathematical model provides an accurate
indication of the local and global effects of heat straightening
but it is presently applicable only to rectangular plates. The
model should be extended to include structural shapes and more
complex structural geometries.

3. The use of the mathematical model is somewhat
impractical for actual damage repair, because it requires a great
deal of computer time, The analytical method should be
simplified for practical applications. One method of
simplification would be the development of dimensionless design
nomographs similar to curves shown in Chapter 5. These
nomographs would cover a wide range of load conditions,
geometries, temperatures and material properties, and could be
used in the design and selection of an appropriate heating
program. Other simplified methods of analysis could also be
employed.

4, Experiments are needed on structural shapes and
more complex geometries to check the accuracy and validity of the
mathematical model under these conditions.

5. Further studies are needed into the effect of

elevated temperatures on material properties,. Present
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limitations on temperatures are probably conservative for most
structural steels, but damage repair could be accomplished much
more rapidlty if higher temperatures could be used. Further, a
better understanding of the effects on material properties would
permit the possible extension of this method to other metals such

as aluminum.
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Lel

3
2
3
4
54
6!
7!
g
g1
!
!
12!
13
14!
{3
Jg!
17
18!
19t
0!
2!
2!

n7y
3

24!
25!
26!
!
2!
29!
30t
n

2!
13!
34!
35!
38!
3
!
381
[
4!
42
A3
44!
a5t
46t
47!
4

FROGRAE "H T BEA M
PROSAAN “HIBEAN® WAS WRITTEN TO CALCULATE THE TEMPERATURE DISTRIBUTION OF
B PLATE LSING A TWO-DIMENSIDNAL FINITE DIFFERENCE METHID. THIS PROBRAM
WAS WRITTEN 1IN BASIC 70 EXECUTE OK THE *HP98Le" SERIES 200 PC.

PROGRAMRED BY :  STEPHEN P. BCMNEIDER
DATE P 10/30/83

CONTRBL PARAMETERS:

TTPEL. , . . . X LOCATION OF THE HEATED ELEWENT

ITPEND . . . . 1 LOCATIEN OF ELENENT 1N BOTTOM ROW WHICH 15 LAST BE HEATED
JTPEL. . . . . Y LOCATION OF THE HEATED ELEMERT

NELIP. . . . . NUMBER OF ELEMENTS THAT HAVE BEEN HEATED

NRONTF . . . . NUMBER OF RONS TN THE VEC-HEAT THAT HAVE BEEN HEATER

NPROB. . . . . PROBLEM NUMBER CURRENTLY IN PROGRESS

NTNTB. . . . . MUMBER OF TIME STEFS FOR THE HEATING

MATERIAL PROPERTIES:
EPY . . . . . PRODUCT OF (DENSITYI$(SPECIFIC HEAT!&(ELEMENT VOLUNE)
DEN, o . . . » DENSLTY OF THE MATERIAL IN lh/cu it )
8 . . . .. o SPECIFIC HERT OF THE MATERIAL IN Bt/{1blt{legree F)
DISCRETIIATION:
ANGLE. . . . . ANGLE OF THE VEE-SHAFED HEATED ARE4
DY .+ .. . . DIMENSION DF ELEWENT IN K-DIRECTION

DY . ... .. DINENSION OF ELENENT IN Y-DIRECTIDN
1., . .. .. DINENSION OF ELEMENT IN Z-DIRECTION

¥COL . . . . . NUMRER OF COLUMNS FOR THE DiSCRETIZATION IN THE Y-DIRECTION
NCOLL. . . . . NUMGER OF COLUMNS PLUR ONE FOK THE DYSCREFIZATION
NCOL2. . . . . NUNBER OF COLUNNS PLUS TG FOR THE DISCRETIZATION

NROW . . . . . NOMEER OF ROWS FOR THE DISCRETIZATION 1M THE Y-DIRECTION

NADK1. . . . . NUMBER OF RGNS PLUS ONE FOR THE DISCRETIZATION

NROZ. . . . . WHNRER OF RONS PLUS TND FDR THE DISCRETIZATION

MROWV. . . . . NUMBER OF ROMS 0 BE HEATED IN THE VEE-SHAPED FATTERN
TEXRERATURE VARIABLES:

TPLON(E) . . . COEFFICIENT OF CONDUCTION HERT TRANSTER FOR EACH ELENENT

Reproduced from SN,
best available copy. ?ﬁ.‘,\\\\

49!
50
511
52!
933
54¢
35t
58t
57
58!
59
60
1!
82!
B3¢
o
&5t
b8!
§it
£8:
89!
0t
T
bl
7
74
750
ik
il
8!
7%
BG!
Bl
82!
B3:
84
B3¢
86!
7!
18
§%!
90!
91
q2¢
a3
94!
95!
%!
97!

TRELL .

TPELZ. . .
TPELP, . .
TPFALT . .

TPFLAG .

. PREVIOUS TENPERATURE OF HEATED ELENENT WHEM DUTPUT OF
JENPERATURE DISTRIBUTION WAS LAST TAKEW

. CURRENT TENPERATURE OF THE HEATED ELENENT

. » EXPONERTIAL FOR HEAT FLUX CONSTANT b

TRIN{SY. . .

TPING, o\ .

TRLIN. o

TPRE . . .

TPNEBL(R), |

12, 7738 J .

TINE YARIABLES:

. FACTOR FOR THE BEAT FLUX CONSTANT a

. FLAG TO INDICATE WHEK TEWP DISTRIBUTION MUST BE STORED
0 = B NOT DUTPUT ELEMENT TEMPERATURES
1 = QUTPUT TENPERATURE DISTRIBUTIONS
2 = QUTPUT FINAL TEMPERATURE DISTRIBUTIGN AND STOR

. INPUT HEAT FLUX FOR EACH ELENWENT

TENPERATURE INCRENENT OF HEATED ELENENT AT WHICH THE
TERPERATURE DISTAIBUTION MUST BE STDRED

» TEMPERATURE LIMIT FOR ANY HEATED ELEMENT
. INITIAL AMBIENT (RODM) YENPERATURE
. TENPERATURE OF ELENEWTS FOR CURRENT TiNE $TEF

TEMFERATURE OF ELEMENTS FOR THE NEXT TINE STEP

« TINE ELAFSED GINCE LAST TEWPERATURE QUTPUT

. TINE LINIT FOR ENDING THE TENPERATURE CALCULATIONS

. o TINE ELAPSED SINCE BEGINING OF TENPERATURE CALLULATIONS

. TIME TNCREMENT FOR WHICH "THINCI" MUST EXCEED FOR
STORING TEMFERATURE DISTRIBUTIGNS

. . STORAGE OF PARAMETERS FOR BISCRETIZATION OF SYSTEW

.

THINGD .
LN, .,
THLINL . .
T™FO . . . .
FILES:
HTBRIAT. .
HTDATAa .
HTDATARD .
ePATH, . . .
SPATH! . .

. STORABE FDR TEMPERATURES AT SPECIFIC THERNOCOUPLE LOCATIONS

. STORABE FOR ALL ELEMENT TEMPERATURE DaTh
o INPUT/OUTPUT PATH RSSIGNED TC FILE HTDATA%2

. IRPUT/OUTPUT PATH ASSIGNED TO FILE HTDATAR:



A

OO0 g Dh e B R e

e il

~
&

REegsoR

P
o
%
%
7
2
n
2
3
32
B
34
3
3%
37
38
W
W
41
2
3
“
5
%
%7
8
4
50
5t
57
53
b

55
56
Y
38
¥
&0

DFTION Bh2t 1
COR /Dins. Du,Dn,1,Cpbv,Angle,PPats, 8Fathl, Tpfact,Tperp
C0K /Tesp’ Towshl(42,207, Tpweh? (42,22, Tprondd2, 227, Tpin (42,22)
TOX /Tewp?/ Tpell,TpelZ,Tpine,Tplin, Tpflag, Tpra
COM /Time Teing,Tainc!, Talis, Talini, Tepo
CON /Disc Nrow,Nrowl,Nrow2 Neol Neoll Meal?
COM /Data’ Nprok,Nrowv,Neltp, Nrowtp, {tpel Jtpel, Itpend
1

! NUNRER OF PROBLENS

H

BATA 1,3
1

U BATH SET FOR PROBLEN |
.

DATA 5.9,.375

DATA 20,12,7,45.0

DAIA 0.5,30.0,800,0

TATA 77.0, 1007, 6,100, ,1250,0,0.8

DATA 489.8,0.1375
1

" DATA SET FOR PRGBLEN 2
i

DATA 5.9,.375

DATA 20,12,7,82,0

DATA 0.5,30.0,506.0

DATA 77,0, 1006,6,100.0,1250.0,0.8

DATH 489.0,0.1235
]

' DATH SET FOR PROGPLEN 3
'

DATA 5.9,.37%

DATA 20,45, 9,45.0

DATA .5,5,0,400.0

DARA 77,6, 725.¢,100,0,1200,0,0.8

DATA 4B5.0,0.1275
]

YO REAT TRANSFER FOR EACH CASE

READ Np,Ngi
]

Npmb.=Np-1
Nprob=Nprob+1
]

' READ IK DATA FROK ABOVE
]

READ Y,

READ Mol , Kros, Xrowv,Angle

READ Twinc,Tepe, Tmlin

READ Tpra,Tplis, Tpinc,Tpfart, Tpexp

READ Den,Sh
13

.; BISPLAY WHICH PROBLEN IS IN PROSRESS

!
GUTRUT 1;° PROBLEN NUNDER :™;Nprob-Np#l;" I8 IN

PROCBERESS”
t

' KEEP ALL FILES O TAPE IN PORT 0 UNLESS FOLL
1

NASS STORAGE IS *3HPBZN01, 700, 0°

Fi$="HTDATA"EVALS (Rprob}

ON ERROR BOTD 65

41 EREATE 8DAT F1%,1,88

[.v4 CREATE BDAT F1$4"a",0011,B117

83 CREATE EDAT F18L7b",503Ncol, 82Kron

44 6070 72 ’

5 OFF ERROR

[ ON ERRER 6OTO &7

&7 PURGE Fi%

o8 PURGE Flsg®a*

49 OFF ERROR

7% #ASS STDRABE IS ":KPE290L,700,1"

7 6010 41

72 OFF ERROR

I3 ASSIGN &Path TO Fist*a®

H ASSIBN Pathi TO FIst"b”

75 H

T CALL Htbean(¥,Den,Sh)

71 1F Nprob(Np! THEN 42

18 H

Fil BUTPYT | USING //1if11ii"

8o GUTPLT 1;*P ROGRE&N [§ FINTSHED WITH IT7§ (@
KPLETE RUR"

81 ¥ASS STHRAGE IS “:HPB290L,780,0"

82 STOP

8 END

B4 SUB Htbeaa(Y,ben,Sh)

3 COM /Dins/ Dx,Dy,Z,Cpdv,Angle, BFath, BPathl, pfact, Tpexp

B CON /Temp/ Tpweb!(t),Tpweb2(t),Tpcontd}, Tpinik)

87 LO# /Tewp2/ Tpell,Tpel2,ipinc,Tplin, Tpflag,Tora

88 CO8 /Time/ Tainc,Teincl,7elim, Talial,Taps

|4 CON /Disc/ Krow, Krot,Hrow?, Neol, Keold, Kool ?

% COM /Data/ Nprob,Nrowy,Neltp,Nrowtp, Itpel,dtpel, Itpend

51 !

92 ! BUBROUTINE HIBEAN:

93 ! SUBROUTINE KILL CONTROL ALL SUBRDUTINE ITERKTIONS FO
R THE GIVEN PARAKETERS :

94 !

95 4 INPUT VARTABLES:

9% H

97 H ANGLE . . . ANGLE OF VEE-GHAPED HEAY

8 ' DEN . . . . DENSITY OF WATERIAL

9% ! DY. . . . . DIMENSION OF ELEMENT IN X-DIRECTION

160 ! HOOL. ., . NUNBER OF COLUMNS FOR THE DISERETIZATION

15t ! NROGH. . , . NUNBER OF RORS FOR THE DISCETIZATEON

102 t NROWY . . . WUMEER OF ROMZ TG BE HERTED IN THE VEE-HEAT
W3 ! TALI% . ., . TISE LIMIT FOR THE TENPERATURE CALCULATIORS
104 ! THPD. . ., . TINE INCREMENT TD .OUTPUT THE ELENENT TEMPERAT
URE DISTRIBUTIONS

105 H TPESP . . . EXPONENTIAL CONPONENT OF HEAT FLUX PARAMETER
104 ' TPFACT, . . CONSTANT SCALING FACTOR FOR HEAT FLUX PARAMET
ER

W i TPLI% . . . TEMPERATURE LINIT FOR HEATED ELEMENT

108 ! TPRN. . . . AMBIEXT TENPERATURE OF ALL ELEWENTS

i ! ¥...,.DEPTH OF SECTION

110 !

1l tOJTPU:

12 !

i3 ! HTDATAS . . PARAMETERS FOR DISCRETIIING THE SYSTEM

14 H HTDATAda, . TEMPERATURE DISTRIBUTIONS AY USER SPECIFIED L
GLATIONS IN THE PROBLEM

113 ! HYDATARS, . TEMPEATURE DISTRIBUTION FOR ALL ELEMENTS IN 7
HE BYSTEM

116 !

1z 'V INITIALTIE COUNTING PARAMETER

118



6l

3%
124
121
122
123
i

it

i2¢
127
128
129
130
13
132
133
13
138
136
37
13&
139
14¢
14t
142
w0
[L2]
145
146
147
18
jtis
130
13t

157

153
154
188
158
157
i3

59
3
141
162
163
164
165
1bé
17
148
169
170
113
172
173
[¥2]
175
176
177
178
17
180

Kt atp=0.
-
f; OBTAIN THE DATA TG DISTRETIZE THE SYSTEM
CRLL;Tenp_read(Y,ben,Sh)
"BEBIN TEWNPERATURE CALCULATIONS
1]

Tpflag=t
1F Itpel>i AND Jtpel<:f THEN CALL Teep_add
s

' INCREMENT COUNTERS FOR THIS STEP
Talint=Talisl+Tninc
Trinci=Toinci+Toinc

I
CALL Teap_con
EALL Temp webiz,2,0.,1.00
CALL Temp_web(Nroml,Nrowl,1.0,0.]

LALL Temp_webid,Nrow,1.0,1.0
CALL Teap_chng
1

: DUTPUT DATA IF REQHIRED
'

IF Toflag)=1 THEN CALL Tesp_oriniRtatp:
IF Tpélagr=2 THEN 149
1

i INCREMENT FOR AROTHER LDAD STEP
i

5070 117
SUBEND
SUB Teap_reed{Y,Den,Sh)
CB¥ /Dims/ D, Dy,2,Cpdv,Angle,®Path 8Pathi, Tptact, Tpexp
COM /Teap/ Tpwebl($), TpmebZ(0}, Tpionts:, Tpinih)
TOX fTemp2/ Tpell, Tpel2, Tpinc, Tplin, Tpflap,Tpra
CON /Time/ Tainc,Tmincl,Telin, Telint,Tepo
T8N /Disc/ Wrom,Mroul,Mrow2 Mool Mool i, Meol2
COK /Data/ Hprob,Neawy,Neltp,Nrowtp, Itpel, Stpel, Ttpend
1

' SUBRDUTINE HTREAN
! DISLRETIZE THE SYSTEN INTD RONS AND COLUMNS
1
t TISCRETIZE IRTOQ ELENENTS
4
Dy=Y¥/Nrow
)34
Dx=DytTaN(Angle/2)
R=bxthcal
Nronl=Nrowt!
RrowZ=Nrow+?
Neol f=Neol+]
gl 2=Neal +2
'

' KATERIAL PROPERTIES
3
Cp=DeatSh/ 1728, 0
Cpdv=Dxilyd2£Cp33500.0/Tminc
[}
" INITIALIZIE PARANETERS
]
Itpel=2
Jtpel=Nrowvé!

Reproduced from S,
best available copy. IS

18! Nrowtg=!

182 Heltp=0

183 Twinci=t,

ig4 Talial={g,

183 tpeli=Tpra

184 t

187 Nrowvi=Hrowy- (23 (INTirowe/21})

3] 1F Browvi=g THEN lipendsd

189 IF Hrowvi=] THEN ltpend=Krowv+]

190 H

19t FOR §=1 70 ¥col2

192 FOR J=1 T0 Wrow2

193 R={{t1-14pel 3Dy )42+ {{J-dtpel Ity *2)*.0

194 Tpinil,d)=Tpfact$E4P Li-1) $TpekpiRy tDx Dy

185 Tpweb! (1,3)=Tpra

1% REXT 2

197 NEXT I

198 SUBENS

199 SUR Temp_add

200 €08 /Diss/ Bx,Dy,1,{pdy,Angle,®Path, ¥Pathl, Tpfact, Tpexp
201 CON /Tenp/ Tpweb1(F), Tpweti2 (3}, Tpcon (3}, Tpind®)

262 COX /Teap2/ Tpeli,Tpel2,Tpinc, Tplia, Tpflag, Tpra

203 COM /Tise/ Tainc,Taincl,Tatis, Talis!, Tapo

20 CON /Dise/ Nrow,Nrowl,Nrow2, Mool Meetl,Neal2

205 COR /Data/ %prob,Nrowr Neltp Nrowte,itpel, ftpsl, Itpend
206 !

207 ! SUBRDUTINE TEWP_READ:

208 ! WILL CHECK THE WEATED ELEMEN™ FOR EXCEECIRE THE TEMP
ERATURE LIKIT

209 ' CHANBES THE HEATED ELEMENT AR REGUIRED AXE WHILE HEA
T 15 BEINS INRUT

210 ! SUBROUTINS MILL GOVERN THE QU7PUY OF TEMPERATURE BIS
TRIBUTIONS

21 !

212 P TEST FOR QUTPUT GF TENPERATURES
13 H

4 Tpel2=Tpweh! {1tpel, dtpel)

218 IF (pel2-Tpelil>eTpine THEW Tpflag=l

216 IF Tpflag=l THEN Tpell=Tpell+ipinc

217 IF Tpel2¢Tplis THEN SUBEXIT

218 H

9 ! HKEATED ELENENT EXCEEDED"TFLIN®
220 ¢

2 IF Itpel=Tipend AND Jtpel=7 THEN

wm Itpel=t

2% Jtpelsl

224 !

n ' SET HEAT IXPUT TO 1ERE

22% !

27 FOR 1=1 18 Neoi?

228 FOR J=1 18 Hrow2

229 Tain(l, =0,

230 REXT J

2 NEXT 1

2 Tplag=1

33 SUBEXIT

234 ELSE

235 !

234 ' FIND ANOTHER ELENENT 70 HEAT
237 ! ' :

238 Reltp=Reltp+l

248 Tpflag=1

240 END 1F



gel

41 Itpel=lipel throntp

Fals IF Itpel=1 THEN Iipel=2

243 k=0

i FOR L=! 1O Nrowv

x5 K=kel

48 1F K=Heltp THEN Jtpel=ltpel-!

247 If K=Reltp TREN Hrowtp={-1}tHrowtp

248 NEXT L

249 Tpeli=Tpweb1t]tpel,2tpel?

250 !

i) ! CHAMGE REAT IHNPUT PRATTERN
% H

253 FOR 1=1 TO Neol2

254 FOR J=2 TO Nrowl

255 fx=1{]-1tpel}sdx}*2

P Ry={{3-Jtpel}dDy) 2

57 R=(Rethyl .8

238 Tpin¢l,d1=Tafact3EXP{(-1) $TpexpiRI dDx 1Dy

peid NEXT J

260 REXT 1

281 8070 214

242 SUREND

263 5UB Teap_ton

264 €OM /Dins/ Bx,Dy,Z,Cpdv,Angle, 8Path, #Pathl, Tpfact,Tpexp
265 CON /Temp/ Tpwebl (), Tpweb2{#), Tpronit), Tpints)

26b €OM /Teap2/ Tpeli,Tpell, Tgine,Tplia, Tptlag, Tpra

267 CON /Tise/ Tainc,Taincl,Talin,Valinl,Tapo

i CON /Disc/ Nrow,Krawl,Nrow2,Ncol, Nooll,Rool2

269 CON /Data/ Nprob,Nrowv,Nelip,Kromtp, Itpel dtpel, Itpend
270 !

mn ! SUBROUTINE TEWP_CDN:

m ! NILL ASSI6N THE THERMAL CONDUCTION PARASZTERS TO EAC
H ELEMENT

PR !

biL ! INPUT VARIABLES

275 ¢

276 t TPMER] (8} . CURENT TENPERATURE OF THE ELENENTE
n !

28 ! QUTPUT VARIABLES:

" !

280 ! TPCON(3). . THERWAL CONDUETIVITY FOR CACH ELEMEMT,
28} '

282 FOR I=1 10 Kcel2

283 FOR J=1 TD Nraw2

784 Tpeontl,d1=(29.013-(, 00743 Tpweki (1,11 13 /12,0

285 NEXT J

286 NEXT T

87 SUBEND

288 SUB Temp_web{ly,dy,Cn3,Cnd)

289 CON /Dias/ Dx,Dy,Z,Cpdv, Angle, ®Path, BPathl, Tpfact, Tpexp
290 CON /Tenp/ Tpweb1{3},Trmeb2{8},Tpcon(¥), Tpin(?)

m COK /Temp2/ Tpell,Tpel2,¥pinc,Tplin,Tpflag, Tpra

792 EOM /Tine/ Tminc,Teincl,Tulis, Talist,Tapo

293 Cam iDise/ Nrow,Nrowl,Nrow2,Ncol,Neoll Heol?

29 COK /Data/ Nprob,Nrowv,Neltp, Nrowtp, [tpel, Jipel, Ttpend
29 1

29 ! BUBROUTINE TEMP_WEE:

297 ! PERFORM THE FORWARD DIFFERENCE EQUATIONS FOR THE SOL
UTIoN

298 !

9 ! UPDATED VARIABLES:

00

301
302
ki
304
e
306
307
308
309
30
3
342
33
314
315
316
317
e
319
320
3
2
323
k¥
325
32
m
38
39
330
kN
32
BE8]
3
338
EB2{t;
334
337
e
339
340
ELY
42
343
34
345
4
w
48
9
350
351
RES

\2
303
354
355
356
Loy
358
39
360

! TPHEE(Y: . NEW TEMPERATURE OF THE ELEMENTS
1
Hw=0)
FOR 12 TD Ncoll
FOR 3=1y 10 Jy
Ip=1-1
Ta=1s1
dp=3-1
In=l+1
C1=.5%(Tpcon (Ip, J4Tpeon{l, 811 2 18Dy/Dx
£2=.58Tpconiin,db+Tpcontl,d) 128D/ Dx
C3=Cn3t. Sk{Tpcon {1, dp +Tpcontd, 43 HA28Da /Dy
£2=Cndt. 3¢ {Tpcon (1,300 +Tpcon (L, IV 0740 /By
IF Itpel<>t AND Jtpeld?l THER 319
H1Z2=, SB1ARS (Tpwebld1,4)812,6/Dy} .28
H3=11,0-Ca3V4ABS (Tpuwebi (1, 33 412.0/1).25
He=11.0-Cndi 1ABS {Tpwett (1, 31412,0/1)~,25
Hu=(CHI24Dx 8Dy ) + ((HSHHA K2 4DR) D 41 44,0
Tpw!=1CLtTpweb (ip, 1) +(E20Tpuebl {1n, 81}
Tpw2= (T3 Tpmebd {1, p) ) +{CA%Tpwebi (], Ju))
Tpu3={Cpdv- (05 +02eCTC4+Hw) I $Tomebt (1,0}
Tpweb2 1, 39=({Tpwl&Tpr2e Tpwl) +(HudTpra) +Tpin (1, 3} } /Cpdv
CONERTI
NEXT I
SUBEND
BiE Tesp_ching
COX /Dims/ Dx,Dy,2,Cpdv,Ancle,BPath, ®Pathl, Tpfact, Tpexg
COM /Tenp! Tpuebl (33, Tpweb2(3),Tpcon (s}, Tpinth)
CON /Teap2/ Tpell,Tpel2,Tping, Tplis, Tpflag, Tpce
COR /Tiae/ Tainc, Tainct, Telim,Taliai, Tape
CON /Disc/ Nrow,Nrow!,Nrow?, Keol Neoll, Neol?
COM /Datal Mprob,Nrosv,Keltp,Nrowtp, Itpel,Jtpel, Ttpend

! SGUBROUTINE TEWS_CHNS

! WILL CHANSE THE TEMNPERATURE OF THE ELEMENTS £RON TPW

5 TPHERL (4]

! ALST WILL GOVERN WHEW TEMPERATURES ®ILL BE STORED

FOR d=2 10 Arowl

Tpweb {1, 31=Tpweb2(2,§)

Tpwebl (Ncol2, 1)=24Tpmeb2 (Mol l,d)-Tpweb2 (NCol )
MERT 8

Tpwax=Tpra

FOR 1=2 TO Keoll

FOR J=2 T0 Nrow!

TpwebFE1,38=Tpweb2{1, 1}

IF Tpwebl (1,1} 3Tpaas THEN Tpaax=Tpwebi{l,d}
NEXT J

NEXT 1

IF Itpel<21 AND Jtpel<)! THEN SUBEXIT

i

t CONDITIEN FOR OQOUTPUTING TENPERATY

i
I TaincI)Tapo YHEN Tpflagsl
1

' COKDITIURS FOR ENDING PRUGRAN
1
IF Tpaax{200, THEW Tpflag=2
IF Talint=Talin THEW Tpflag=2
SUBEND
SUB Temp_priniNtstp)



el

361 COM /Dimsf Ix, Dy, ! Cpdv,Angle, BPath, BPatht, Tpfact, Tpexp

342 COM #Teap/ Tpwebt{d),Tpweb2(8),Tpconddl, Tpinit)

363 CON /Tesp?/ Tpeli,Tpel2,Tpinc,Tplim, Tpédag,Tpra

364 CON /Timed Twinc,Tminci,Talis,3alind,Taps

365 CON /Disc/ Nrow,Nrowd,Nrow2,Kcol,Neoll,Nool2

348 COM /Data’ Nprob,Nrowv,Neltp Nrowtp, Itpel,dtpel, Itpend
387 ALLOCATE REAL T1{Q:11),T{1:Ncol,tsKRrom)

348 ¥

369 ! SUBRGUTINE TENP_PRIN:

n H QUTPUT THE TEMPERATURE DISTRIBUTIONS FOR THE SYSTEM
7 H

372 Tminci=0.

373 Htatp=RintpH

374 Titdi=Talia) ! A5 DEGREES 40 DEGREES
375 IF -Ngrob=3 THEN 388

I THLL=Tpweb2(3,7) Pots,1r 02, 8)
n T2 =TpwehH9, T} H 19,7145 ,8)
38 T3 =Tpmeb 2113, 73 Vo3, T A, b
m THH =Tpweb 27,7 LI AP O A A
380 T115)=Tpweh217,5) P47, 8y (13,8
38 THb =Tpweb2(11,51 Al 5 ER L)
382 T1{71=Tpueb2(13,5) TS, 5 4,40
382 THBi=Tpweb2{19,%) [ -0 A P
ict] T1{8}=Tpweb 24,31 H (f,31y 013, 4)
385 TH1¢=Tpweb2 (13,3} [ I IR F AP S
3 THL1)=Tpueb2(17,3) v, 3018, 40
387 GOT0 399

3ge THL)=Tpueb2:2,8)

389 THZ)=Tpueb2(5,8)

390 T143}=Tpweh2(4,8)

394 1A} =Tpueb2(7,4)

392 T145)=Tpweb2 (13,8

n TH& =Tpueh2(17,4)

3% THIT =Tpwzb2(4,4)

395 TR =Tpueb 219, 4}

396 T1i9)=TpHeh2412,4)

397 71191 =Tpwed2417,41

388 T1411}=Tpweb2(18,4)

39 DUTPLT 8Path;T1 i)

40 FOR 1=2 18 Neol!

404 FOR 3=2 1D Nrox)

402 TH-1,3-1)=Toweb2(1,d)

403 REXT &

404 NEAT I

485 BUTRUT BPathi; T4}

404 BEALLOCATE T1¢H),T{E)

407 IF Tpilag()2 THEW SUBEXIT

L] ASSIGN #Path 70 3

409 ABSIGN EPatht 10 3

410 ASI6N €Path TO "HTLATA"RVALS (Nprob)

L3E Y=Hrowsdy

4z QUTPUT PPath;Y,Z,Mcol,Nrow, Nrowy, Angle, Tetact, Tpexp, Tplin,Niatp, Tpra
M3 ASSIEH ePath TD $

L1 SUBEND
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€ct

nt
23!
!
n!
26!
g
28!
24!
30!
31!
32
!
3!
a5t
36!
3
8!
n
40!
41!
2!
3
4!
45!
44!
47!
48!
49!
30!
a1t
52!
by
!
!
o
s
58!
5%
50!

PROGRA® "F I N ] T E"

PROGRAM *FINITE* WAS WPITTEN TO CALCULATE THE PLASTIC STRESSES AND STRAIN
OF A THERRALLY (DADED. S+STEM. THE TENPERATURE DISTRIBUTION MUST ALREADY
EXIST.  THE PROBRAM WAE WRITTEN IN BASIC TO EXECUTE ON IHE "HP 981¢*
SERIES 207 PERSONAL COMFUTER.

PROSRAMMED BY :  BTEFMEN P. SCHMEIDER
DATE P a/30:84

" CONTROL PARAMETERS:

IFLAG. . . . . INDICATES WHEN PROGRAN IS IN ITERATION SUBROUTIRE
ISTR . . . . . COUNTER FOR THE ITERATION BETWEEN LOAD-STEPS
KTYPE. . . . . STTFFRESE TYPE

NTHSTR . . . , WUMBER OF LOAD STEPS REQUIRED BY THE PRDBLEM
NSTR . . . . . MUMEER OF STEPS COMPLETED BY PROBRAN

STYPE, . . . . SOLUTION TYPE

PRINT. . . . . PRINTOUF FYPE

HATERTAL PROPERTIES:

RATIO, . . . . RATIO OF THE PLASTLIC TANGENT MODULUS TG THE ELASTIC mOOULUS
PRO. . .+ . . . POISSON'C RATID FOR AK ELASTIC ELENENT

PRI, . . . . . PDISSON’S RATID FOR A PLASTIC ELEMENT

...... YOUNG'S MODULUS OF AN ELEMENT AT AMBIEXT {(ROGM) TEMPERATURE
YS$ ... ... YIELD ETRESE OF AN ELEMENT AT AMEIENT (ROOM) TERPERATURE

LUADING PARANETERS:

MSCL . . . . . APPLIED WMMENT IN LB-INCHES (CONPREGSION DN BOTTON (+lvel
PSCL + » » . « APPLIED RYIAL LOAD IN (BS  (TENSION {+}ve}
YSCL W+ . . . APPLIED SWERR LOAD IN LBS  (COUNTER-CLOCKWISE SHEAR (+)ve)

DISCRETIZATION:

Bf. ... .. DIMENSION OF ELEMENT IN X-DIRECTION
BY .+« . . DINENSION OF ELEMENT IN Y-DIRECTION
L. ... . DIMENSION OF ELEMENT IN I-DIRECTION

BB . . .. ., MAXINUN ESND WIDTH
NE ... .., TOTAL MUMEER F ELENENTS
KE. . .+ . . . TOTAL WUNBER OF EQUATIONS

NN ., ..., TOTAL WOMRER OF RODES
NI .. ... . NGMBER OF ELENENTS IN X-DIRECTION
N¥ o v+« o o NUMBER OF ELEMENTS IN Y-DIRECTION

PERMANENT ARKAYS:
BBU8). . . ., TAANSFORMATION WATRIX FOR EACH SANPLING POINT
DIl . . .. . STRESG-STRAIN RELATION WATRIX
0 FOR THE ELASTIC CASE
§ FOR THE PLASTIL CASE

BT{1). . . . . TEMPERATURE INCRENENT FRON THE PREVIOUS LOAD STEF
T THE CURRENT STEP FOR EACH ELEMENT

b1t
£2!
63!
(2}
£5!
13
&7
13}
49!
a2l
nt
72!
73!
4!
n!
I8!
m
78!
79
80!
B!
82!
83!
[ H
;6
84!
a7
88!
9!
qa!
91!
N
93!
94!
!
94!
97!
98!
9% !
100!
61!
fe2!
103!
104!
105!
1044
107
108!
109!
1!
1!

FE¢4). . ., . TOTAL FORCE VECTOR USED FOR INERGY CALCULATIONS

FT¢t). . . , . TOTAL FBRCE VECTOR USED TO SDLVE THE SINULTANEOUS EQUATIONS
FTH(Y) . . . . TOTAL THERWAL LDAD VELTOR FiR EATH LOAD STEP

HH{th. . . . . SHAPE FUNCTION FOR EACH SAWPLING PUINT

IDE(Y) . o . . ELEMENT IDENTIFICATION ARRAY 5

NAPPING ELENENTS TO EACH OF 175 FOUR NODES
10NL) ., . . NODAL IRENTIFICATION ARRAY ;

MAPPING THE NDDES TO THE CORRESPDNDING DOFS:

1-DOF 15 ASSUKED TO BE § HIGHER THAN THE X-DOF
JYIELD(8Y, . . YIELD SURFACE RADIYS OF THE PREVIOUS LOAD STEP

LHddh, . o . . LOCATION MATRIX 3
NAPPING ELEMENT DOFS TQ BLORAL DEBREES OF FREEDON

TENF(Y), . . . CURRENT TEWPERATURE OF EACH ELEMENT
PLAST($} . . . ELASTIC/PLASTIC CONDITION OF ELEMENT
UT{t}, . . . . YOTAL DISPLACEMENT ARRAY FOR EACH DEGREE OF FREEDOM
IV(E), . .. . X %Y GLOBAL LOCATION FOR EACH NDDE

TENPORARY ARRAYS:
F2(8), . . . . STORES THE INTERNAL FORCE VECTGR FOR SUBROUTINE *STRESSK'
K6{8). . . , . BLDBAL STIFFNESS ARRAY

STRiN . . . . GTRESS & STRAIN ARRAY FROM PREVIOUS CALCHLATIONS

T{8) .+ . . . ARRAY FOR GRTRINING TENPERATURE DATA
U2i$}. . . . . THE INCREMENFAL DISFLACEMENTS THROUGH SUBRGUTINE *STRESSK"
FILES:

HTDATA%, . . . STORASE FOR DISCRETIZATION PARANETERS FOR SYSTEN

HTDATASE . . . STORAGE FOR ALL ELEMENT TEMPERATURE DATA

K6 . . . . . . STORAGE FOR PREVIOUS BLDBAL STIFFRESS
STRESS . . . . STORAGE FOR PREVIDUS STRESS & STRAING

BTEMPS . . . . 1/D PATH TO RECOVER YENPERATURE DATA FROX FILE “HTDATASH®



wEL

B R R

16
1
12
13
14
i3
13
17
18
19
2
21
2
23
24
25
%
2
]
29
30
3t
32
33
34
38
36
37
1:ie}
)
A
L
4
A2
83
L1
43
14
47
a8
e, 16}
49
30
51
52
53
54
B
Sé
37
]
59
in

CoM Dy, Dy, D2 Nx, By, Nn, Nk, e Keg
Con /Bedd Bo{0:4, 103, 108Y Hhi0:4, 304} Di021, 103, 5130 Bt {6z 4}
COM /BkZ/ Ktype,Stype,1f1ag, Iste, Enrgyl,Enrgy?
CON /BKY/ Y&, Ya,Ratio,Pro,Pry
£on /Bk4/ Nstr,Pscl,yscl,Msei
PRINTER 1§ 7!
PRINT CHKS{(27)%"Ek28"
i

READ IN:  SOLUTION TYPE (STYPL)
STIFFRESS TYPE (KTYPE)
PRINTHUT TYPE  (PRINT:

STYPE= ] ADG CORRECTION OF LDABS ON NEIT STEF
2 TERATE UNTIL CORRECTION BECOMES NEGLIBABLE

KTYPE= O CONSTANT STIFFNESS THROUBHOUT SOLUTION
1 CHANGE STIFFMESS AT EVERY LOADSTEP
2 CHANBE STIFFMNESS AT EVERY ITERATION STEP

PRINT= -0 DO NOT PRINT OUTPUT FOR EVERY LOADSTEP
| PRINT QUTPUT FOR EVERY LDAD STEP

¥
|
T
1
]
i
1
]
]
]
t
t
1
1

DaTa 2,0,0
READ Stype,RKtype,Print
i

‘: SPECIFY WATERIAL PROPERTIES (USUALLY THE SANE FUR EACK CASEY
t

TATA 309000000, 0.01,38006.0,8.3,0.5
READ Ye,Ratig, Ys,Pro,Pri
t

.! CALL SUBROUTINE TG OBTAIN DISCRETIIATION OF DATA
CALL !Datal {Tpra, Niastr,PTeap!!
1
i ALLDCATE STORAGE ACCORDING TD PARANETERS
)
hLLUénTE INTEGER Ide(1:4,1tket,idnifs2, 1sMnd,Lacl:8,i0el, Plastiis2,

ALLOCATE REAL %y(1s2,1akn),Jyield(1sKel, Tenpilshe] Bt LeNe:
DIN K110:1, 125, 1:6)
1

i GENERATE DATA INTG DISCTETE ELEMENTS
]

CALL Datalfiy{s),lde{®) Idnie}, Lait))
CALL Bata3tPrint)
1

i DIMENSLON FOREE, DISFLACEMENT AND STRESS-STRAIN ARRAYS
1

ALLOtATE REAL F1{0:Neq},Fti0:deq) Fth(0zNeq),Feid:Neq) Ut {0rKeq},Btr

¥

.; INITIALIZE & STORE STRESSES
1

ON ERROR EBOTD 54

PURGE "STRESS:HPEZ301,700,0°

OFF ERROR

CREATE BDAT *STRESS:HPB2901, 700,0° ,Ne, 48
[}

FIR 11 T Ne
FOR J=1 70 &

Stril, 3=t —
g Reproduced from 3
best available copy, é a

3]
62
43
o
L]
]
&7
b8
[
70
n
n
I
"
Il
7h
n
78
7%

81
B2
81
84
85

By
o
8
k1]
9
92
a3
%
%5
L7
A
9
9y
100
101
102
103
]
105
10
107
100
105
110
m
0
13
11
11§
114
17
18
118
120

REXT ]
t

KESIEN 8P TD 4
ASSIGN &P T "STRESS:HPA2%01,700,0°
QUTPUT 8P;5te ()
RSEIGN 8P TD ¥
DEALLOCATE Strin
1

! INITIALIZE VARIABLES
13

FOR 1=0 T2 Neg
Fthil)=0
FHil=0
Ut{li=0
REXT 1

1

FOR 1=i T Ne
Teap{D=Tpra
JyialdtIr=iystys) /3
FOR J=1 T0 2
Flast(d, [)=¢

NEXT Y

NEIT 1
!
! INITIALTTE PARANETERS FOR FIRST ITERATION
1

Nstr=l

Istr=l

Itiag=0

Enrgyl=0

Enrgy2=0
I

CALL Dmatrix
CALL Baatrix(Xy($),lde(t))
CALL Kmatrix (KL(03)
Kehng=0

]

! EXCHANBE PERMANANT LDAD VECTOR TO TOTAL LOAD VECTOR
1

CALL Datad (Teapfd1, DEis) , ETeapl)
CALL Therad (FE5(8), Teap (31, Bt 83, Ide (43, 1dn {43, Plast[4])
CRLL Fastrix (FLO0Y, Hntan)

il

! ADJUST YIELD VALUE FOR THE MEW TEMPERATURE
t

ALLDCATE REAL Str (1:Ne, 1:4),Fp0:feg)
ASSIEN #P T & -
RSSIGN #P T0 *STRESS:HPA2501, 700, 0
ENTER &P;Strit}
ASSIEN @P TD 3

1
FOR fela=t TO Ne
Ti=Tenpileln}
To=Ti-Dt (Tela}
CALL Yield(70,R0}
CALL Yiel¢{Ti,R1)
R2={R13R1) /{ROIRD)
Jyieldileln)=R28Jyieldilels}

1

': CORRECT THE YIELD STRESS FOR THE FLASTIC ELEMENTS



§€l

124 !

122 IF Plasti2,iela)=0 THER 184
123 FOR 1=1 T8 3
124 8(13={1-50R{R2})45tr ilela, D)
125 Strilelw, 1)=80R (K2} 45tr {ieln,1)
126 NEXT §
127 !
128 ' FIND EQUIVALENT FORCES ON THE ELEMENTS
129 !
130 FOR I=1 70 8
13 PN,
132 FOR 4=t TD 3
133 PLE)I=PE1)+Bb(O,d, T R5E0) 40t (0}
134 NEXT J
138 NEIT 1
136 H
137 + LOAD ONTO CORRECTION FORCE VECTOR
138 !
139 FOR I=1TD &
140 Node=lde{l,Iela}
141 Fpldnil,Node)i=Fp{ldnii Node} }+R(281-1)
142 Fplloni2;Node) b=Fpiidn (2, Kode) ) +P (281}
143 NEXT 1
144 NEXT lela
143 '
148 t RE-STORE THE STRESSES REDUCED FOR THIS STEP
147 !
148 AS516% 8P TD 3§
149 AGSIGN 8P T *STRESS:HPB290L,T00,0°
150 QUTPUT #F;5tres)
131 AGSIGN &P TD ¢
152 !
183 ! FIND TOTAL LOAD WECTOR
154 !
155 FOR Tl T8 Neqg
156 FHii=f1 D +FpID-Fe{l) Fenil}
197 Fell)sFE{L)+FEnl)
190 NEXT 1
139 DEALLOCATE Stri®), Fpind
140 !
181 | ASSEMELE AMD INVERT THE STIFFRESS MATREX
182 !
163 ALLDCATE REAL Kqllikeq,iskb)
164 IF Kehng=( THEN CALL Asseabk(Kn(3),K1(8), Teap{3),L8l2),Plastit))
18% CALL fnvert (Kglt),Fti8),Kehng)
166 DEALLOCATE Kg(v
187 !
1468 t CALCULATE THE STRESSES AND STRAINS FOR THIS LGABSTEP
14¢ !
170 TALL Stressk{Ftis),Fets!, 0t(8), Xy}, Teapis) Bt (3), Jyield(2), Idett),
[entt), Loty Piast (43}
17 H
172 ! JTERATE THE SOLUTION IF REQUIRED
173 !
174 IF Stype=2 THEN CALL Iterate(FII8),Fti3},Fe(), UL(3),KI8], Xy (8}, Tea
ptil, 0t (3], dyield (3], 1dels), Idn{8} Lo (s}, Plast (1))
¥4 IF Print={ THEW CALL Dataout (Ut{s),ldni),Piast{s})
\7% GUTPUT 1:*COMPLETED *;Wstr;® OF *;Ntastr+f;® 10AD STEPS®
m QuTPLT L "
i Kchng=1
179 IF KtypeX® THEN Kehng=0
180 IF Nstr=0 THEN 195

1B1 Nstr=hstrei

182 IF Nstr{=Ntastr THEM 106

183 '

184 { SET YENPERATARE VALUES BACK T0 ROOM ¢AMBIENT) TEMPERATYRE
185 !

184 FOR 1=l TG We

H Ut {1=lpra-Tesp il

188 Teap!{1i=Tpra

189 NEXT 1

190 [t

£91 Psci={

192 Vecl=

153 fstr=0

194 8070 o1

95 IF Print<)] THEN CALL Dataout (Ut(8) fdnit),Plast(d))
19 sTop .

1w END

198 SUB Iterate(F1(8),Fti),Fett], UL(8), K11t} Xy (0}, Teap (81, Btis]  dyieldinl,
INTESER Tdett),1dnit),Laid),Plast ()]

19¢ CON D1, Dy, Dz, Nx, Ny, Nn, Hb, Re,Neg

200 CON /¥e1s Bh(E) HACE), DAL WA

201 CON /BK2/ Ktype,Stype,Iflag,lstr Enrgyl,Enrgy2

202 CON /32/ Ys,Ya,Ratio,Pr0,Pri

203 EOK /Bed7 Nstr,Fs,Vs,¥s

204 !

205 ! SUBROUTINE ITERATE s

208 ! 1TERATES THE DUT-DF-BALANCE LOAD VECTOR UNTIL WITHI
N THE TOLERABLE LINIT

207 ! THE FIRST IS FOP THE INCREMENTAL ENERGY TU BE LESS
THAR THE IRITIAL FOR THIS STEF (EMREVL)

208 ! THE SECOMD IS FOR THE INCRENENTAL ENEREY TO BE LESS
THAN THE RUNMING TOTAL (ENRBY2)

209 '

10 ¢ UPDATED VARIABLE:

211 !

u2 ! IFLAG . . . USED TC INLICATE THAT TME PROGRAM IS IM THE
ITERATION ROUTINE

13 ! 18TR. . . . WUMBER OF ITERATIONS FOR THIS LDAD STEP
it} ¢

215 ' INDICATE THAT THE PROGRAX I5 IN ITERATION SUBROUTINE

21 H

A7 Hiagst

28 H

29 ! CWECK ENERGY CRITERICN FOR CUNVERBENCE

22 4

222 IF ABS(Fe (01 )1<=ABS(.0018Enrgy ] THEN Etypecl

273 IF ABS{Fe(0)){=ABS{.00[$Enrgyl) THEN 251

prl] IF ABS{(Fa(0}){=ABS(. 500000001 $Errqy?) THEN Etyper2

o3 IF ABS (Fel0}1<=AES. 600000001 KEargy?) THEN 251

ri3 Fel=Fa ()} /Enrgy!

2 FeZ=Feil) fEnrgyl

228 DISP *INCREMENTAL ENERGY :*;DRUUND{FRS,S13" ; TOTAL ENEAGY :*;DROUND
(Fe2,3};" FOR ITERATION : *jIstr

i '

30 ' FIND NEN CORRECTION FORCE VECTOR

31 !

232 FOR T=1 TO Keg

33 FD=FI(D-FAD

234 Fell)=Ftil}

133 KEIT I

234 '

nm CorerepiT L TNUCRY KTy DYPTTNESS NATRTY 17 NPREACAQV



9t L

29

CHE

241
242
243
244
3
244
47
ol
24

Jstr=Istirsf
Kehng=1{
1F ¥type>l THEN Kchag=0
ALLOCATE REAL Kq(l:Neq,)aNh)
1F Kehng=0 THEN CALL Asseabk(Kg(8),X1(8), Tenpit),Lalt) Prast(2))
CALL Invertikg{s), Ftit),Kehng!
BEALLOCATE Kgtt)
1

!. FIND STRESSES FOR LPDATED STIFFNESS

3

CﬁLLlStressk(Ft(!!,Fe(l),Ut(ll,Xy(i),Telp(i),Dt(t),ﬂyiEld(X),lde(!),

tdn(3),La(8) Plast{3))

il

251

BOTD 222
BUTPUT 15* ND. OF ITERATIONS FOR LOAD STEF :"jlstr;™ s CONVERSED BY

EREREY CHECK *3Etype

2
3
il
55
285
o7
258
239
240
8y
26!
262
243
204
243
264
267
248
2%
m
7
mn
273
m
bl
bais
m
78
bahl
280
28t
32
283
284
piin]
8
87
288
289
29¢
Fail
282
2%
74
2%
29

lsirs)
ilag=0
SUBEKD
BUB Datal{Tpra,Ntastr,eTespl}
CoM Dy, By,Dz, Nx, Ny, Nn,Nb, Ne, Keg
{OM /Bt4/ Nstr Pscl Vsel,Ksc)
'

! SUBROUTINE DATAL :

! WILL GBIAIK PARAMETERS FROM FILE "HTDATASE™ PREVIOU
BENERATATED

! FOR DISCRETIIATION OF SYSTEW INTQ ELEMENTS

EOUTPUT VARIABLES:
DL . . .. ELEMENT DINENSION IN THE N-DIRECTION

DY, . . . . ELEMERY DIMENSION IN THE Y-DIRECTION
DI. . . ., . ELEMENT DIMENSION IN THE I-DIRECTIOK

W,
A, .

. NUMBER OF ELEMEMIS IN THE X-DIRECTIAN
. NUMRER 8F ELEMEKTS IX THE Y-DIRECTIDN

M. . . . . TOTAL NUKBER OF ELENENTS OF THE SYSTEM
NN, .. . . TOTAL NUMBER OF NDBES FOR THE SYSTER
. T0TAL BANDNIBTH OF THE GYSTEN

PSCE. o . . ARIAL LOAD GF PROBLEM
WSCL. . . . APPLIED MOMENT OF FROBLEM
¥CL. . , . SHEAR LOAD FOR PROBLEM

1
b

TPRR. . . . AMDIENT TEAPERATSAE OF THE GYSTEM
WTNSTR, . . NUNBER OF THERMAL APLICATION LOAD STEPS

STEMPL. . . 1/0 PATH FOR ELENENT TEMPERATURE PROFILES

!
¥
.
;
1
1
1
i
i
t
i)
' W ..
1
1
H
]
]
1
:
i
]

é UBTAIN SYSTEN DISCRETIZATION FROM FILE HTDATAS
]

RSSIEN 8Teapl TO ¥

INPUT *INPUT **HTDATA™" FILENBYBER FOR TEWPERATURE CALCULATIONS',Fis
BASS STORABE 1S *:HPB2%01,700,0"

Fi$="HIDATAEFIS

ASSIGN #Teap! TO Fi$

ENTER #Tespl;Y, I, Ny Ny, Nyv,fng, Tpf, Tpe, Tpl Ntastr, Tpra

Nx=Mx /2

Ny=Ny/2

ASSTEN #Tesp! 70 8

Fl4=Figt"n"

BRCIRE GTpart TR Fig

299 ! DISCRETIIE IN10 FINITE ELEMENTS
1

300 !

30t Dy=¥ /Ny

302 sl

303 DES

304 Dx=DytTAN (dng/2)

305 Me=Hrx Ny

306 Kn={Nx+1} E{Nyed)

307 Ne={Ny+3) 32

308 !

309 ! INPUT TRE LDAD DF THE SYSTEM

310 !

3 INPUT “INPUT THE AXIAL LOAD IN lbs, ®,Pscl

3z INPUT *INPUT THE SHEAR L0AD IN lbs.” Vscl

313 IRPUT *INPUT THE APLIED MOMENT IN ld-ins.” Mscl

34 !

§35 ¢ DISPLAY THE WARIABLE JUST INPUT

16 !

7 DQUTPUT | USING *F1Hi01*

318 QUTFUT | USING *25%, 184, SDDDDDD. DD *AXEAL LOAR IS ¥, Pscl
39 BUTPUT 4 USING “25X, 184, SEOPDOD. DDB*; "SHEAR LOAD 1S :°,¥scl
320 BUTPUT 1 USING *25K,184, SDDDDDD. DD ;*APPLIED MDNENT 1S :",Mscl
32t SIBEND

2 5B Data2(dy (8}, INTESER Ide!t),idnis},Ladi})

323 CGM Dx; Dy, Dz, ¥x, Ny, Nn, Bk, Ne, Reg

324 !

325 ! SUBROGTINE DATAZ :

326 ! WILL BENERATE WAPFING ARRAYS OF THE NODES AND ELEME
NT8 OF DISCRETIZATION

327 !

128 { QUTPUT VAREABLES:

LYyl !

350 ! iDE(N . . « ARRAY FOR MAPPING ELENENTS TO IT5 FOUR CORR
ESPONDING RGDE

3 ' IDN{BE. . . ARRAY FOR NAPPING NODES 70 CORRESPONDINS DE
BREES OF FREEDOM
332 ¢ LN(K) . . . LOCATION MATRIX ARRAY FOR NAPPING LOCAL DEG
REES UF FREEDON T GLOBAL
33 ! XYi8) . . . COORDINATE LOCATION OF THE MODES IN THE X A
Wb Y DIRECTION
334 !
335 * DISCRETIZE INTO X & ¥ COORGINATES
334 !
17 Knl=0

33 FOR 1=0 70 R
339 FOR 3=0 0 ¥y

340 Nni=Nnl+]
34 Ly(1,Hnt)=14Dx
342 Xy(2,Rnfi=3sdy
3 NEXT I
344 EIT1
fLH !
M ! OBTAIN THE BOUNDARY COMDITIONS FOR THE BEAM
7 !
348 CALL Disp(ldnis))
e !
o ! EREATE A NGDE-TG-ELEMENT AKD SLOBAL NOF LOCATION MAP
351 !
352 Nel=0
o3 FOR I=1 TO W«
354 FOR J=1 T& Ny

nze [IRPROT



LEL

37
38
e
360
351
362
13
Jb4
368
36h
37
368
389
3N
N
312
373
374

375
37
3
378
379
380
31
32
383
384
385
386
wr
3oe
38y
390
351
392
3
394
85
3%
397
398
399
400
401
402
3
404
45
406
L
408
409
o
At
H2
43
au
45
4
47

N(ZI=N{L)ehytl
N{3)=N(2141
H{4i=K{1)+1

FOR =1 10§

Lde (L Nell=N{L}
L11=281-1

L12=L114
LaiLts,Netv=an (1, N{LT}
Latti2,Nell=Tdn¢2,NiL}}
NEXT L

NEXT

NEXT [

SUBEND

SUB Disp(INTEBER ldn(t))

COK Dx, Dy, Dz, Nx, Ny Nn, Xb, Ne, Neg
i

! SUBROUTINE DISP :
¢ WILL BENERATE ®APPING HATRIX 1DN(2) FROM THE PISPLA

CEMENT BOUNDARY CONDITIONS OF SYSTEM

! QUTPUT VARIABLES:

1
! 1ONE3). . . IDENTIFICATION MATRIX FOR THE NODES
1

FOR 321 70 Na

fOR 1=) 0 2

Ton(1,d)=0

NEXT 1

KEXT 3

APPLY THE BOUNDARY CONDITIONS:

1
E
'
' 1GNCH= 0 1F FREE IN SPECIFIED DIRECTION
! 1 1F RESTAAIHED IN SPECIFIED DIRECTICN
1]
FOR J=1 T0 HyH
Tdnt1, 1)=1
NEXT
Tdn {2, INT (Rye2) (2021
1

!' ASGIGN EQUATION NUBLR TO £ACH wODE

Heg=0

FBA 4=1 10 Mn
FOR I=1 702
IF Idnil,di=] THEN A0S
Neg=Rentl
Tdn(I,d)=Neq
BOT0 405
Ida(l,01=¢
NEXT 1

NEXT J
SUBEND

SR Data3(Printl

Can Dx,Dy,Dz,Mx,Ny,Nn,Nb, Re, Neq
[EM /BK2/ Ktype,Stype, Ifiag, 1str Eorgy!, Enrgy?
CON /BKA/ Nstr,Ps, Vs,

i

! SUBRIUTINE DATAI ¢
: WILL ECHO THE DATA FOR THIS PROBLEN

TOPBORAT PTAYEPTETA EAR Tue muTRoT

A9
2
21
a2
423
"
425
2
427
428
429
30
1
32
a3
]
35
436
437
438
439
"o
8y
"2
n3
i
445
444
447
9
e
150
451
152
453
454
455
456
457
455
459
0
11
2
15
e
A5
e
18P
%
]
9
I
L))
a2
73
"
a5

INGGE /47,208, 46h, /1

1M8GE 4,37, 204, D00

IMGE 5%, 438

INAGE £9%, 488

IMAGE 7,371,268, 02

INABE. 1,373, 758,000

IMRGE /,37%, 354,00, 000

INKSE /374, 354, SHO09DDD. DB, 74
1}

'
:

PRINT USINB 420;*T RPUT PARAMNETERS: .

PRINT USING 4213*SDLUTION TYPE {STYPE) :*;Stype

PRINT USING 422;(STYPE}= ¢ ADD CORRECTION OF LOADS ON NEIT STEP®

PRINT USING 423;* 2 1TERRTE CORRECTION UNTIL TOGLERRBLE *

FRINT .

PRINT USING 421; "STIFFNESS TYPE (KTYPE}:*;Kiype

PRINT UBIRE 422;"{KTYPE)= ¢ USE CONSTANT BTIFFNESS FOR SOLUTION °

PRINT USING 423;" 1 THANBE STIFFRESS EVERY LOADSTER .
PRINT USING 423;" 2z CHANGE STIFFNESS EVERY [TERATION  °
PRINF

PRINT USINE 421; "PRINTOUT TYPE (PRINT): “jPrint

PRINT USING 422;"(PRINT)= § DO NCT PRINT MMIPUT FOR FACH BTEP *
FRINT USING 423;° i PRINT GUTPUT FOR EACH STEP .
PRINT USTAB 4203"ELEREKT DISCRETITATION:"
PRINT USING 424;"NUNBER GF ELENENTS IS 1 "jRe

PRINT WSING 4245 "NUNBER OF NUDES 15 : TiNn
PRINT USING 424; "BAND WIDTH IS : 4
PRINT USING 424;"NUMEER OF EQUATIONS IS : “jNeq
FRINT

PRINT USING 425;°NB OF ELENENTS TN Y-DIRECTIOR 15 : "jNx
PRINT USING 425;*ND OF ELEMENTS TN Y-DIRECTION 1§ ; *jNy
PRINT

PRINT USING 426; "IN OF ELENERT IN X-DIRECTION IS
PRINT USING 426;"DIN OF ELEMENT IN Y-DIRECTION IS
PRIKT USING 426;"DIM OF ELEMENT IN 2-DIRECTION 15
PRINT UBING 420;"APPF L 1ED LOADINES:
PRINT USING A27;*APPLIED AXIAL LOAD 15 & *;Ps;" ibs."
PRINT USING 427;*APPLIED SHEAR LOAD IS 1 *5Vs;" lbs.*
PRINT USING 427;“APPLIER) EXD MOMENT 1 : *;Hs;® ib-ins®
SUBEND

1
“30y
e

SUB Datad (1101, Bt (8], Elempl)

CON Dx, Dy, Dz, Nk, Ny Bn, b, Me, Reg
CON /BKAS Nstr Pecl, Vel Kscl
!
.| SUBRBUTINE BATAS 3
! RILL BBTAIN THE TEMPERATURE PROFILE FOR EACH LOAD 5

\
b IRPUT VARIABLES:

T1{$) . . . ELENENT TEKPERATIRES FROM PREVIOS LOAD STEP
#TEWPL, . . /0 PATH FOR TEWFERATURE DISTRIBUTION

UPDATED VARIABLE:

1
t
1
1
1
]
!

DTi8) . . . TENPERATURE CHANGE FRON PREVIOUS TO CURRENT

ELEMENT TENPS

47
L
478

! TEINY . o . CURRENT ELEWENT TENPERATURES

'
Nz 1=Nx12



8l

481
482
483
4p4
EiH]
488
437
438
39
490
LiH
492
493
494
LLE]
494
497
498
459
30
EU
502
503
S04
05
e
307
508
509
510
U
512
a3
Si4
53
b
517
518
519
520
521
322
523
524
525

ENPERATYRES

826
27
528
529

ASFIC

520
831
332
333
5

53
Fy
38

2%

SUb

ENTER BTeapi;T2(¢}
FOR 1=1 TG R
FOR J=1 TO Ny
ii=182
=112
131,91, 251201, d1- D201, d 0412101, J1-1 412801, HD)
REST 1
HEXT |
11=0
FOR I=1 TO #x
FIR 3=1 T0 Ny
T1=11#1
TALU=TIL, 0
NEXT )
NIT |
FOR E=[ TO Ne
DAD=T-TH)
THH=TUD
L 241
DEALLOCATE T2¢8),T3(3), TadH
70 349
ALLOCRTE REAL T(i:Ne)
ENIER STeapl;Tit}
Ot _pax=0
FOR 1=1 7O Ne
=TT
IF DEOI) Dt wax THEW Dt aarsDt(1}
NEXT
IF Dt_nax{30 THEN
Nstr=Nstril
6ATH 503
Efp IF
IF Dt_sax>50 THER
FOR 1=1 70 Ne
=T
KEXT |
END IF
DEALLOCATE T4}
SHRERD
Young{%,P,E)
TON /Bk2/ Ktype,Stype,Iflag, Istr Enrgyl,Enrgy2
COX /BK3/ Y5, Ya,Ratin,Pro,Prl
i
* BUBRGUTINE YOUNE
! CALCUATES YOUNGS MIDULUS FOR ELEMENTS WITH BIVEN T

| INPUT VARIABLES

! P ... .. INDICATES WHETHER ELEMERT 1S ELASTIC OFR PL
! T. ..., CURRENT TENPERATURE OF THE ELEMENT

1
i
! DUTPUT VARIABLE:
!

1

E. . ... TENPERRTURE DEPENDENT YOUNES MODULUS FOR EL

EMENT IN LBS/SQ. IN.
)

i FIND THE APPROPRIATE RATID FOR FLASTIC MODULUS
¥ e T -

Reproduced from
best available copy.

IF P=( THEK R={

B3| !

542 ! CONPUTE YOUNSE MGRULUS FBR ELEMENT

543 !

544 IF T¢=100. THEN E=RiYs

545 IF 132160, AND T<=T00. THEN E-H3Ya8¢!,0185-.0001838T)

h113 IF TH=700. THEK E=k$Ynd{300000. 1333, 37-1. 11147 213007 {-4)
347 SUBEND

54 SUB Yield(T,Ri

5% '

50 ¢ BUBROUTINE YIELD »

531 ' CALCULATES THE YIELD RATID FOR THE CURRENT ELEMENT
IENPERATURE

552 t

3§53 ! INPUT VARIABLE:

554 !

W H T. .. .. CURRENT ELEMENT TENPERATURE

954 '

557 ! QUTPUT VARTABLE:

558 t

359 ! R+ .. . RATID OF THE TURRENT TENPERATURE YIELD STRE
§5 TO REFERENCE TEMP YIELD STRESS

560 !

3l ! COMPUTE THE REDUCTION RATIO FOR TEMP YIELD AND REFERENCE TENP
542 ¢

563 IF T¢s100. THEN R=l

ob4 1F T)100. AND 1<=800. THEN R=(1.0~(T-10%/3B33}

365 IF T)=B00, THEN R=1-720000.0+4200.017-2, 7THT°2)$10°(-4)
566 SUBEND

S67  SUB AlphalTl, To,f)

568 !

358 ! SUBRDUTINE ALFRA :

310 H FINDS THE AVERRGE VALUE OF THE COEFFICCINT OF THERN
AL EXPANSION

B2 i

72 ! INPUT YARIABLES:

73 !

574 ! T0. « . . . PREVIOUS ELEMENT TEMPERATURE

375 ! Ti. + . . . CURRENT ELEHENT TEMPERATURE

574 !

;17 ! QUTPUT VARIABLE:

978 4

an H B .. . » AVERAGE YALUE OF THERMAL EXPANSION IX IN/IN
7DEBREES F

380 i

581 !

582 1 COMPUTE THE COEFFICIENT OF THERWAL EIPANSION

503 !

S04 IF T0(=200, THER &0=.0000045

8% IF T0=200, THEN AQ=.0000061+. 00000000287

B IF T1¢=200. THEN Al=,0000063

387 IF T1>=200, THEN Al=.0000061+,00000000247

ik A= 58 tA1+A0)

589 SUBEND

590 SUB Faatris (FLi8},INTESER 1dn{t))

591 COM 0z, Dy, Bz, %, Ny, N, Kb, N2, Neg

992 COM /Bk4/ Wstr,Ps,¥s, s

593 !

5 ! SUBRDUTINE FMATRIY :

395 ! DISCRETIIES THE THREE INPUT LOADS 78 THE NODES DN T
HE EDGE OF THE BFAN

3% !

297 ! INPUT VARIABLES:

598 !



6l

LK
113
[LH
67
(L]
15
bbb
867
b8
848
870
671
872
§73
874
&73
616
&7
878
§7%
4RO
481
482
483
684
L1
b8
887
488
589
650
891
£92
69F
&9
895

FOR 1=0 T0 24Hy
Y=y
Le{Lr=RE(Y-114P
NEXT ]
LA{2tRy+1)20,
Ld10)=Ld {0 /2.
Lgt24My I=LA (28Ry ) /2,
)

; DD THE FORCES TG THE 61.0BAL FORCE VECTOR
°

FOR 320 10 My

lisli+

Jj=atd

Fledy 11D/ 311U U5 D 4Ld L1400 (0 §¥10)
IF Hdnl1,1i)=0 THEN &7

Fiign{1, 1i)=FTon (1, 1) 14£1

WEXT J

[l

g APPLY MOMENT AMD AXIAL L04DS 70 THE L.H,S. OF BEAR
3

IF Ti<thy+i1dhx THEN 885
Ti=0

Nyl=-1

Nsi=s(Ms-VsiNxiDx}

8010 437

DEALLOCATE Ld(®)

SIBEND

SUB Therms {F141), Temp {1}, Dt (43, INTEBER Ide (8], Idn{4},Plast(8))

COM Px, By, Dz N, My, Hin Nb, e, Neg
COM /BxL/ BhUEY,HR{8) BOS) MECH)
oM /Bk2/ Ktype,Stype,Iflag,lstr,Enrgyf,Enrgy2
COM /Bk3/ Ys,Ya,Ratio,Pro,Pri
COM /Bk4/ Nstr,Pecl,Vscl,Mscl
'

! SUEROUTINE THERNMF :
' APPLIES THE CHANBE IN TEWPERATURE TO THE SYSTEX AS

INITIAL STRESSES

896
887
598
&99
700
Rl
702
703
704
5
7%
ERATURE
707
T0R
"
70
"
1z
23
4
s
718
"
e
e

e

¢ INPUT VARTABLES:

t
i
t
: BHLE) , . . 'STRAIN DISPLACENENT TRANSFORNATION MATRII
! DT(H) . ., CHANGE IN TENERATURE FOR EACK ELEMENT

' TENP{§) . . CURRENT TENPERATURE FOR EACH ELENENT

' NTU8] . . . WEIBHTED RESIDUALS

]

]

H

1

U OUTPUT VARTABLES:

F1L8) . . . APPLIED THERMAL LBAD FOR THE CHANGE IN TEMP

! INITIALIZE THE THERMAL FORCE VECTOR TD IFRQ

FOR 1=0 T0 Neg
FliD=
WEIT |
1
¢ FIND THE SYRESSES AND STRAINS DUE TD THERMAL LDADINGS
i
FOR Tela=1 TO Ne
1
! SET MATERIAL PROPERTIES FUR EACH ELENENT
1]

Pi=Plast {2, [elw)

bisl

FT END

&0
EXD

501

! PS . o .. . AITAL LOAD : ASSINED CONSTANT STRESS AT LE
! M5 . . .o . MONENT + ASSUMED LINEAR STRESS AT LEFT

¢ ¥§ . .. . . GHEAR LDAD 3 ASSUMED PARABOLIC STRESS AT L

EF7 AMD RIGHT EDSE

602
3
b4
05
&6
7
808
&9
810
841
412
613
b4
413
b1é
7
3¢
819
820
21
122
623
624
628

28
L)
£28
829
830
631
[ 3%
[N
634
(3]
434
837
438
819
[
41
42
643
i
3
28]
7
#48
3
830
&1
832

1
U QUTPUT VARIABLE:
!

' FLIK), . . . TOTAL EXTERNALLY APPLIED LOAD VECTOR

© INTIALTZE LORD TO 6RO

FOR =0 T0 Req
FL(1=0
NEXT |

)

ALLﬂtATE RERL Ld(-1:24Ky+1)
)

IF Va=0. AN Ms=0, KD Ps={. THEW 485
IF Vs=0, THEN 650

+ APPLY THE SHEAR LOAD TO THE R.K.S. OF BEAN
1

¥=43Vs/ {kysDy)
Ld(-1k=0
FOR 1=0 10 28Ny
Y=.581 /iy
L4 (D) =V (¥-y~2)
NEXT 1
Ld{28Ry+11=0,
Li=(Ny+1)3Nx
Nyl=1

1

' ADD THE FORCES YO THE BLORAL FGRCE VECTOR
1

FOR =0 70 Ny
Tislitl
1i=2Hd
F1=ky 1 DY/ 308 (LG 1L (3 +LA13 5410
IF 10ni2,1i)=0 THEN 639
F1(1dn12,11))=FH{Idn (2, Ti 461
NEIT J
]

‘ APPLY THE SHEAR LOAD TO THE L.H.5. OF BEAN
i

IF Ti<{Ny+1) Shx THEN 830
1i=0
Ryl=-!
G0Ta 832
t

; IF WSCALE AND PSCALT ARE 2ERD THEN ADD THE WOMENT
{ DUE TO THE -BHEAR FORCE TO THE L.H.S. OF THE BEMR
1

IF Wg=0. AND Ps=0. THEN 681
)
! APPLY THE MOWENT AND AXTAL LOADS 70 THE R.H.5. OF BEAN
i

Nyi=1
Ti=(Ny+1}tNx
Hsi=Ns

K=b3Hs1/ (KyiDy) 42
P=Fs/Nyidy



0l

i Ti=Tesptleln)

722 T9=T)-Bt tTelad

pyE CALL Young(TL,P1,EL)

724 CALL Alpha(Ti,T0,81)

723 !

728 ! STRESSES WILL BE OPPOSITE OF THE STRAINS
707 ¢

728 Epiti=(-1}0A180t iTela)

75 Epl2i=Eplt)

730 Ept3i=0.

73 FOR I-1 10 3

732 S{11=0,

733 FOR J=1 T0 3

7 SULISSUELDIPT, T, D sEp1d)

735 MERT §

138 NEIT I

737 FGr 1= TD 8

738 Pily=0.

739 FOR J=f 70 3

74 PU1i=P{13eBb{0, 2, DS 4WLID}

™ NEXT )

ELY] KEXY 1

T3 !

" ! LOAD INTG TOTAL FORCE VECTOR

745 H

746 FoR 1=1 T0 &

747 Node=1de(l,falm

748 Fillin(1,Node) J=F1{Idntt, Nade) +P(261-1)
b Filldn{2,Node) 1=F1{1dni2,Nade) }+P (2401)
750 REIT I

751 '

752 WEIT Tels

pd SUBREND

73 SUB Beatrix(Xy(d),INTEGER Ideis))

758 COx Dx, Dy, Dz, Hx, Ny, Nn Nb, Ne, Neg

T CO% 7BR1S Bo (%), Hh (1), DR, HLEH)

757 !

758 ! SHBRDUTINE BMATRIY:

759 ! USES BAUSSIAK INTEBRATION TO FIND THE INTERPOLATION
AND STRAIN-DISPLACEMENT FONCTIONS

768 !

76 ! INPUT VARIABLE:

762 !

763 H NT{t}, . . . WEIBHTING VALUE FOR SANPLING POINTS
o4 !

768 ¢ QUTPUT VARIABLE:

166 H

w7 H BB44). . . . STRAIN-DISPLACENENT TRANSFORWATION WATRIY
768 H HH(H. . . . INTERPOLATION (SHAPE} FUMCTION
769 ! WTi3). , . . NEIBHTING RESIDUALS FOR THE SANPLIME POINT
H

m 4

™ !

m ' INPUT DATA FOR INTEGRATION POINTS
m !

HL DATA 0,0,-5,~1,1,-1,1,1,-1,1

s FOR I=0 T0 4

7 READ R{I},8(I)

m IF 1=0 THEN 780

778 RETI=R{TI/BOR(3)

m S(13=541)/88R(3)

780 NEXT I

781
"2
Y
784
783
784
787
768
89
M0
791
"2
793
T84
795
7%
"
e
basi
800
801
8oz
BO3
504
803
80
207
808
809
8l0
Bl
812
B13
2
815
816
;18]
Eit
B1?
E:vle)
B2
822
B23
824
a3
824
827
828
8
830
K]
832
B33
B34
835
836
a7
B8
839
840

3

! ASSIGN YALUE FOR EACH SANPLINE PDINT

1
FBR J=1 TI
FGR I=1 T
11(1,3=%
NEAT 1
NEIT 3
FGR Intg=0 10 4
Rp=(1+R{Intgh)
fa=(1-R{Intg}}
Sp=(145{intgh)
Sa=(3-5{Intg)}

04
02
yil,1de(d, 113

! CONSTRUCT THE SHAPE FUNCTIOMS

! L WRT R

H 2.t kRT. §

! 3.0 TOTAL INTERPOLATION FUNCTION
'

HL{1, 1=1-118, 25050
HE {1, 2=, 25080

Hi 1,302, 2505p
Hit1,4)=4-114.2508p
HI(Z, 1)=(-1)8, 254Ra
HIK2,2)=4-1)$.25¢Rp
W42, 7=, 25
K142, 4)=, Z51Re
H1(3,11=, 25tRatSs
H143,7)=. 258Rpt5m
1§ (3,3)=, 258RpASp
HL(3, 4=, 25tRMI5D

1

1 EVALUATE JACORIAK MATRIX
1

FOR I=1 T0°2
FOR J=1 10 2
Xj,9=0.
FOR k=1 10 4
YU D10 LRI L K BRI, K
NEXT &
NEXT
NEAT 1
1

! EVALURTE THE DETERMINATE
1
Det=1j¢1, 1) 18§12, 11§12, 1h4L541,2)
1
| FIND THE TNVERSE OF THE JACDBIAN NATRIX
t
1304, 1050512, 2} /Det
Nji (1, 205-91540,20 /et
Rii (2, D=6-11 80502, 1) Flet
13i(2,29=1(%, 1}/Det
1
UFIND THE TRANSFORNATION MATRIX AND STORE IN MATRIY BB
1
FOR Kel 70 4
Ki=28-1

K229k
BLILKLI=0



LpL

84!
842
843
gad
845
246
G4}
848
@
839
85t
#52
853
854
855
236
857
858
]
840
ol
9%z
863
8h2
855
B
847
848
849
870

Sup

B142,K13=0.
Bli1,82)=0,
B1{Z,K2120,
FOR L=} 70 2
BI4L KD =BIC KD 415 i1 LYSRECL,K)
Bii2,K2=B8(2,K2) 4% 53 12, L1 8K (L K}
KENT L
BI(3,42)=0141,K1}
B3, KD=BL2,KD)
NEXT K
1F intg=0 THEW Det=Detyd
Wt (intg)=Detsls
FOR 1=t 16 3
FOR J=1 70 &
Bbtintg,l,di=BiCL, )
NEXT 9
NEXT
FOR 1=1 10 4
HhiIntg, 1=kt 13,0
HEXT I
KEXT Intg
SUBEND
Deatrix
£08 Dx, Dy, Dz, Kxy Ny, Mo Ho, Ne, Neg
EOM 7BKLS BBIEY, Bh{L) DALY KRALY
COH /8k2/ Kiype,Stype,iflag,Tstr,Enrgyl Enrgy2?
COM f8k3/ Ys,YaRatie,Pro,Prl
1
! SUBROUTINE DMATRIX :
! COMPUTES THE EONSTITUTIVE WATRIX FOR TWO DIFFERENT

POLISSH RATIOS

an
ouT
872
873
a74
a7s
874
977
878
g7
880
e
842
883
884
985
886

8

988
889
2%
ant
892
83
874
[
8%
897
898
899
500

! THIE ASSUMES THAT YOUNG™S NODULUS HAS BEEN FACTIRED

INPUT VARTABLES:

PRE . . . . ELABTIC ELENENT POISBOM RATIC
PRI . . . . PLASTIC ELEMENT PDISSON RATID

]

L QUTPUT VARIRBLEE:

! DI0,4). , . ELASTIC STRESS-STRAIN KATRIY
DAL}, . . PLASTIC STRESS-STHAIN WATRD

'
]
+
t
1
t
]
1

1
FOR 1s0 70 1
IF 1=0 THEN Pr=Pr¢
IF 1=1 THEN Pr=Pri
E=]
Disgs{i-PriPr)
D2=D14Pr
D3={p1-023 12

)

! ASSENBLE ELEWENT STRESS-STRAIN MATRIX
|

L, g, 1=0t
D1, 2,20s]
B1,3,3s01
DU1,1,21=02
Bi1,2,112D2
DL, 1,34=0,
11, 2,30,
Bi1,3, 10,

90!
902
903
804
905
e
w7
908
209

Bi1,3,2)=0,
NELT
SUSEND

GUR Ksatrix(klix})

CON B2, By, Dz, Nx, Ny, N, Nt %2, Neg
COM 7Bi1/ BB 8D, HhER),DIT WL(D)
1]

| SUBROUYINE. KNATRIX:
: CONPUTES ELENENT STIFFRESS MATRIK ACCORDING TO THE

DINENSIONS OF I}E FIRST ELEMENT DMLY

210
91t
912
913
914
915
91s
17
918
kit
920
921
922
"
924
925
92
927
928
92
930
911
932
733
934
LXK
938
937
438
939
940
941

942
I
844
945
946
a7
948
g
950
95

952

"3
954
995
954
957
958
e
940

$ES. OF THE ELEMENTS

INPUT VARIABLES:

ERUEE. | . . STRAIN-DISPLACEMENT TRANSFORMATION WATRI:
D{¥r . . . . COMSTITUTIVE MATRIY
WT{T), . . . WEISHTING VALLE FOR SAMPLING PDINTS

OUTPUT VARIABLES:

KLE0,8), . . ELASTIC ELEMENT STIFFMESS MATRIX
KLil, %), . . PLABTIC ELENERT STIFFNESS RATRIX

'
)
]
]
]
|
i
1
v
1
1
4

FOR Nun=0 10 |

FBR 1=f 70 8

FOR J=1 70 8

Kl (Kua,1,3)=0,

HEXT !

REXT I

FOR Intg=1 T0 4

FOR 3=t 7D 8

FOR k={ TO 3

Bhixi=g,

FOR L=i 10 3

Db{K3 =5 (K)+0 (Num, K, L) 286  Intg,L, 1)
NEXT L

KEXT ¥

FOR 1=1 T0 8

ke=0,

FOR L=§ 70 3

Ke=Ke+Bb (ntg, L, [14BbIL)
WEXT L

K1{Nua, 1, 3}=K] {Nue, 1, 3} +K2RE (Intg)
NEXT 1

NEXT

NEXT Intg

NEXT Num

SUBEND

SUB Assesbk (Kg($),KI (1), Tenp(3:, INTEGER La(),Plast (8})

TGN Dr, Dy, Dz, Nx, Ry, Hn, Wb, Ne, Meg
)

* SUBROUTINE ASSEWRY:
: RSSEABLES THE STIFFMESS MATRIX KNOWING THE STIFFHES

1

! INPUT YARIRBLES:

!

' K8}, . . . ELENENT STIFFNESS MATRIX

! TENP (s}, , . TENPERATURE PROFILE OF SYSTEM

! PLASTI8) . . ELASTIC/PLASTIC CONDITION OF ELENENT
]
)

DUTPUT VARIRBLE:



AN

P&l
962
963
854
565
966
967
968
49
970
m
972
e73
m
973
978
977
978
979
H

98¢
981
982
983
984
k(S
986
%7
988
989
8%
971
992
993
994
995
9%
997
998

KBCE). . . . TOTAL ASSEMBLED BLOBAL STIFFNESS MATRIX

INITIALIZE VALUES TO IER0

FOR 1=} T0 Meq
FOR J=1 T Wb
Kgt, 110,
REXT )

NEIT §

FOR fel|=1 ™0 Ne
1

Pl=Plast {2,lelm)

Ti=Teapileln)

CALL YounrgiTi,P1,EN)
1

é ASSENBLE BLOBAL STIFFXESS NATRI

1
FOR 1-1 70 &
Ti=in{l,Ipia)
1F 1i=0 THEN 991
FOR-3=1 T0 8
Jjlatd, deln)
IF 1=0 THEN 990
lisgj=1i
IF Ji¢0 THEN 990
Kyili, dit1)aXgiLi,di+1)E10KIPL, I, D)
NEXT 3
NEIT 1
NEXT leln
SUBEND
SUB Invert(Kgi%),F {32 Kchng}
CON Dx, Dy, D2, Hx, Ny, Nn, Nb, Ne Neg
]

! SUSROUTINE INVERT:
: REDUCES THE STIFFNESS HATRIX AS KEEDED AMD THE INCR

ENENTAL LOAD VECTOR EVERY THE

99

1000
1001
1002

]
 INPUT VARIRBLE:
1]

! KCHNG. . . . PARAMETER 70 INDICATE IF AEM STLFFMESS HAS

BEEN SUPPLIED

1003
1004
1003
100
1607
1008
1009
1010
0
1012
1013
1014
1015
1016
1017
o1

1019
1623

K63}, . . . TOTAL ASSEMBLED GLOBAL STIFFNESS WATRIX
F($} , . . . TOTAL INCREMENTAL LDAD VECTOR

UPOATED VAREABLE:

Fi§) . . . . LDCAL MODAL DISPLACEMENT VECTOR

)
!
[
1
1
t
t

IF Kehngs! THEN 1045
T
"REDUCE THE STIFFNESS NATRIX
1

FOR %=1 T0 Meq-1

Ri=k-

N i=N

IF Weq-Mi<Nb 1 THEN Wb t=Neg-N1
Piy=KglN, 1)

FOR 12 16 W1

D=Kz (K, L1 /Piv

1013
022
1023
124
1025
1026
1027
1028
1029
1630
103
132
1033
FLL]
1035
1036
1037
1038
1039
1640
1041
042
1041
1044
1043
104t
1047
1048
1048
1050
031

1052
1053
1054
1055
1054
1057
1058
1039

1040
1041

1062
1963
1064
1085
1046
1087

1068
1067
110
1071

1072
1073
1074
1075

=M1+l
=0
FOR K=L TO Nbl
=3
Kgi=XgIN, k)
Kgtl, 31=Kgil,J)=CiKgN)K)
Kgl=Kgti, 1
NEYT K
kg K, Li=C
Kgi=Kg(N,L)
MEXT L
KEIT N
N ERROR BDTC 1635
PURGE "KE:HPB29¢1,700,1"
(FF ERROR
CREATE BDAT *KB:HPRIR0L, 706, 1%, Heqd2, (NG/2) 3R
AS516N #P 10 8
ASSIGH P TO *KG:HPE290L,700,1"
GUTPUT #F;Kgin
ASEIEN @F 70 8
8070 1049
1

'REDULE THE FORCE VECTOR
13

ASSIGN P 10 8
#SSIGN €F 1O *KE:RPR290L,700,1"
ENTER @P3Kg (1}
ABSIGN BP 10 8
FOR N=1 T Heq-
Hiz-1
Nbi=Hp
IF Neq-NI<Nb1 THEN Mol=Neg-NI
C=F{N}
FIN)=C/Eg 1K, 1}
FOR L=2 75 Hb1
T=h1oL
FLD=F(1-Cokg b, L}
NELT L
NEST N
]

'BRCK SUBSTITUTE
1

FiNeg)=F (Keq) /Ky tReg, 1}
FOR N=f TO Neg-1
Ni=Neg-N
N2=N1-1
Nbi=Rb
IF Neq-N2<Kot THEN Whi=Neq-KZ
FaR K=2 TO Nbi
L=N24K
FIN$)=F (K1) -F (L) oKg (N1, K)
NEXT K
NEXT N
SUBEND
BUB Stressk(FLis},F3(8],L¢8}, Ty(8) Temp (8] ,Dt(3),dyield(s), INTEEER Ide(t

), Idndds, Ladt}, Plast (1))

1078
wn
1078
1079
1080

CON Dx, Dy, Dz, Ny, Ny, Nn, Kb, e, Keg
GO /BkES BDOS,BREBI, DI WELD)
EON /BK2/ Kiype,Stype,Iflag, Istr,Enrgyl,Enrgy2
CO% /BK3/ Ys,Ya,Ratin,Pro,Pri
TN /BK4/ Nstr,Pscl,Vscl,Mscl



evl

1433

1134
13
1134
137
1158
1139

it
1141

1142
1143
144
1143

114
1147

1148
148
1156
i1
132
1153
1154
§155
1156
"y
138
1"
140
1181
1162
1163
1164
1165
114
1187
1148
168
170
nun
1172
HT3
174
[IRH]
174
i
17
1179
118¢
1181
1182
1183
1194
1165
1186
1ar
118g
1189
190
1194
1192
HY
194
11935

U1 (142-43=0,

Uit (182120,

Y, D=ty L LI
X142, 1) =8y 12,1041
NEXT ]

1

! {NTEGRATE DISPLACENENTS DVER TACH SANPLING POINT
]

FOR 1=1 TQ 4
FOR J=1 T0 4
BT 280-1 21 (283-1) #HRCL, J1861 (2113
ULI (2639200 L (243H+HA AT, J3RUT (283
NEXT §
NEXT 1
1
1 SET THE WERLIBABLE DISPLACERENTS TO ZERD
¢ 4ND ADD ONTO THE TOTAL DISPLACEMENT VECTOR
1

FeR Is1 70 @

[F RBEIULT(1)) G20~ (-10) THEN LILLE)=D,
U2 tLatl, lela)y=U1a(ld

KEXT !

]

é OBTAIN [HITIAL BTRAINS IF FIRST ITERATION Gf LDRDSTEP
1

EpLinl=g,
IF Tflag=0 THEM Epli3)=-R180t Iele}
EptiI=Epl i)
Enl(3)=0,
1

i FIND INCREMENTAL STRAINS FOR ITERATION STEF
1

FOR I=1 7O 3

FOR J=1 10 8
Epl{1)=Ep1{1148b {0, 1,J)3U113)
NELT J

NEXT T

4

t FIND THE IMCREWENTAL STRESGSES FOR ITERATHON STEP
]

FOR I=1 70 3
81i1)=0.
FOR I=1 T0 3
SUN=SLITI+ELED(PL, 1, d} 3ERIHY
NEXT J
NEST I

t

{ RECOVER THE PREVIDUS STRESSES & STRAINS
1

FOR 1=1 70 3

5040 =5trilelm, [}
Epd(1)=5triTela, 143}
NEXT 1

1
| CHECK THE YIELDING CRITERION
)

CALL Flastic{Jyield(3),50{8},51(8),Ep1(3),T1, Teln Flastis})
)
¢ STORE THE FINAL STRESSES & STRAINS FRON SUBROUTINE *PLASTIC®
'

FOR 1=1 T0 3

Btrilels, 11=80¢EH+81ED)
Strilels, 1+34=Ep0Di+EpiCIt

1084 !

1082 ! SUBROUTINE BTRESSK:
1083 ! FIND5 INCREMENTAL DISPLACEMENTS, STRAINS AND STRESS
ES OF THE ‘SYSTEM.

108 ! CALCIR-ATES THE EQUIVALENT NODAL LORDS FRGM CGRRECTE
D STRESSES

1085 !

1086 ¢ INPUT VARIABLES:

1087 !

1088 ! EPO(Y) , , ., STRAIN FRON ALL PREVIDUS CALCULATION

089 H EPL(S) . . . INCREWENTAL STRAIN CALCULATEDL FOR THIS ITE

RATION

1890 ¢ F1{8). . . . INCREMENTAL LOCAL NDDAL DISPLACEMENT VECTO

R

1091 ! FRisy, . .. INITIALIZED TG FIND THE EQUIVALENT INTERNA

L FORCES .

1092 ! F348), . . . INCREMENTAL LOAD VECTOR FOR THIS ITERATION
USED 70 CALCULATE ENERGY FOR TH1S STEP ,

1093 4 §011). . . . STRESH FRON ALL PREVIOUS CALCULATIOR

1004 ! Si(8). . , . INCREMENTAL STRESS CALCULATED FOR THIS ITE

RATION

1095 ! U218y, . . . INITIALIZED TO STORE SLOBAL MODAL DISPLACE

MENTS

1096 ! uray, ., . TOTAL GLOBAL DISPLACEMENT VECTDR FROM ALL
PREVISUS ITERATION STEPS

1097 ¥

1098 ! UPDATED VARIABLES:

1099 H

1100 ENREY! . . . INCREMENTAL ENERBY OF THIS FIME STEP

el ENRGYZ . . . TOTAL ENERGY OF YHE SYSTEM

1
!

1102 ! Fiin, , . . TOTAL EQUIVALENT FORCE FOR SYSTEN
i

1163 F3(0). . . . ENERGY OF THE SYSTEM FOR THIS ITERATION ST
£

1104 H §TRi¥} . . . TOTAL STRESS AND STRAIN ARRAY FOR ALL FREV
10US AND CURREWT ANALYSIS

1108 H UTig), . . . TOTAL DISPLACEMENT VECTOR FRON ALL PREVIOY
5 AND CURRENT ANALYSIS

1106 !

1107 1 DIMENSION ELEMENT STRESS % STRAIN MATRICES

1108 1

1169 RLLOCATE REAL StrifiNe,1:8),F2{0:Negl,UZ(G:Keg

110 RLLBCATE REAL S011:0),5111:3),Ep0i0a3h,Epl 133}, PLL8)

1 !

11z 1 (BTAIN PREVIOUS STRESSES & DISPLACEMENTS

nz H

1114 ASSIGN #P T ¢

1115 ASSIBN 8P TO "STRESS:HPB2901,700,0"

1i1% ENTER 8P;StriT}

17 ASSIBN BF TO X

1138 !

e "CHECK STRESSES OVER EACH ELEN
120 H

1121 FOR Teis={ TQ Ne

1122 ¢

123 Pl=Flast(Z,lelnl

124 Ti=Tesplicls)

125 T0=T{-Dt {Jelw

1126 EALL YoumgtTi,PL,E8)

uz CALL alphalTl,T0,R1)

1128 !

12 FOR I=1 70 4

1130 Li{1)=1dell,lein}

13 YHL2-1 =Fi{Tdn (T LTI Reproduced from

best available copy.

o




L

1%
1197
1198
1199
1200
1201
1292
1203
1204
1205
1206
1207
1208
1209
1210
1241
1212
213
1214
1215
1246
217
1218
119
1220
1224
1222
1223
1224
1225
1226
1227
1228
1229
1239
123
1252
1233
121
1235
1236
1237
1238
1239
1240
1241
1242
1243
1284
145
1246
1247
1248
1249
1250

NEXT T
'
! -CORRECT THE STRESSES FQ EQUIVALENT NODAL LOADS
1

FOR 1=1 T0 §
Pily=d
FOR 3=1 T0 3
P(II=P{l}4Bb (0,0, D) 85t (Tela, J) St (0}
NEXT 3
NEXT 1

1]

i ADD ONTG THE CORRECTION FORCE YECTOR
t

FOR I=1 T0 4
Kode=Idetll,lein}
F2ildnit, Node:)aF2{1dn (1, Kodet } 4P L2011}
F2(1dni2,Nadei 1=F2{ian {2, Node) ) +P (231}
NEXT I
NEXT lele

1

i AD) THE DISFLACHENTS FROM THIS STEP TO TRE PREVIOUS STEP
1

F3toi=0
FOR I=1 1D Meg
FROI=F3 0TI
FLIL=F2LD
Ut I =t iTra2(n
NEXT 1

'

i RE-ADJUST THE ENZRGY PARAKETERS
t

IF Istr=f THEN £nrgyl=F3(0
Enrgy2=Enrgy2+F 30
1

! STORE THE STRESRES L DISPLACEMENTS IN THE APPROPRIATE FILE
1

ASSIEN 9F TO
ASSIGN € T *STRESS:HPAZ01, 708, o
DUTPUT 8P;Strin
ASSISN 8 10 1
1
t
:
DEALLOCATE 50121, S148) , Ep0ia  Ept (1) i)
DEALLOCRTE Str (5} 208}, b2(8)
SUBEND

SUB Plastic (Jy(t),50(8},51(8},Ep1i8},T1, Teln, INTEGER Plast{sh)

COH Dy, Dy, Dz, ¢x, Ny, Nn, Wb, Ne, Neg
E0M JBK3/ Bbin), Hhid), DOY) M)
CON /Bk2/ Xtype,Stype,iflag, Istr,Enrgyl,Enrgy2
COM /BK3/ Ys,Ya,Ratio, Pro,Pri
LOM /Bk4/ Nstr Pscl,Vscl,Mscl
)
5 SUBROUTINE FLAST
t CORRECTS THE STRESSES AND ABJUSTS THE YIELD CONSTAN

T VALUE FOR YIELDED ELENENTS

1253
112
175
1254
1255
1286

1

INFUT VARIABLES:

EPLU3) . ., . INCREMEXTAL STRAIN FOR CURRENT LOAD STEF
JYIELD(E), , . ARRAY OF PREVIQUS YIELD SURFACE RADIUS

b

.j

: DELN(3). . . . ARRAY OF YIELDED ELEMENTS
1

:

} WIELR . ., . NUMBER OF FEEMEWTE MIZLDED

1259
1280
£28}
262
1283
1264
1265
1286
1267
1268
1269
1279
1z
1272
1273
121
1273
1275
1277
1278
1279
1286
1281
282
1283
1284
$285
1286
1287
1288
1289
1299
1291
1292
293
1294
1295
12%
1297
1298
12%9
1300
1301
1302
1303
1304
1305
1306
1397
1308
1369
134¢
131
1312
1313
1314
1343
13t
1317
1318
1319
1320

§1(8), . . . . TRIAL STRESS INCREMENT FOR PLASTIC CHECK
T, ... .. PREVIUOS ELEMENT TENPERATURE
T« .. . CURRENT ELENENT TEMPERATURE

UPDATED VARIABLES:

1

]

r

1

!

! S114), . . . . TRUE STRESS INCREWENT AT EWD OF STEP

! §2(t}. . . . . ERROR ON THE STRESSES (FOR CORRECTION

! BF THE FORCE TD BE ADDED DN WEXT STEP)

! YR .. ... YIELD FOR THE ELEMENT (NILL BE REFLACED
T8 THE *JYIELD® ARRAY FOR NEXT STEP)

H PLAST{#} ., « . CURREWT CONDITION OF EACH ELENENT
PLAST{2)=0 ELASTIC ELENENT

! 1 PLASTIC BLEMENY

1

t

FOR I=1 10 3
HEETHEN
NEXI 1

)
! GBTAIN REQUIRED DATA FOR YIELDING COMDTTIONS
1
Yr=dy(leia)
fal YielglT9,R0
CALL Yield(T{,R1}
r

FEVALUATE THE SECOND INVARIANT OF THE STRESS TENSGR
]

BT = -1 I TN ELG{I 8L
QU11=5(1;+R13)
2U23=8(21 |13)
De4]=BRR(2IES(T
dt=0
FoR =1 YO 4
LICHT 3080 48]
NEST I
e

1

1

t 4 CONBINATIONS OF ELENENT STRESS:

1

! 1.} ELASTIC L REMAIRING ELASTIL

! 2.) ELASTIC & YIELDING

. 3.1 PLASTIC & STRAIN HARDENING

! A.) PLASTIC & iNLOADING AS AN ELASTIC ELEMENT
¥

)
IF Ji{tr AND Plasti2,fela}=0 THEW SUBEXIT ! i
1F J3=Yr AND Plost(2,lela)=0 THEN 1313 ! }
{F 31=Yr AND Plast(2,Ipla)=l THEN 1304 L CASE 3.}
IF J1¢vr AND Piast(Z,Ielwi=l THEN 1389 ! 4}
1

; CASE 2.) ELEMENT I5 YIELDING
I

Flast (1, Tela)=1
Plast (2, leln)=1
Fl=1

| FIND THE PHEVIOVS SECOND INVARIANT
1

EIB=(-1708(50(1245042))
B{=ERI4RETY



Ghi

132 B{2)y=5C(N4R(3) 138§ !

1322 814)=58R(2)45013) 1382 PCASE 3.1 ELEWENT [S§ PLASTIC
1323 §0=0, 1383 ¢

1324 FOR 1=1 TG 4 1384 Jyileln=gy

135 30=30+@C1100(T 1385 SUBEXIT

1326 NEXT | 1386 !

1377 J0=10/2 1387 PLASE 4.0 ELEMENT IS UNLOADIHMS
1328 ! 1388 !

1329 ! FIND THE SCALINB RATIO 1389 PlestiZ, leint=0

1330 ! 1390 P1=0

133t Ru={5AR{I1)-6QR1Yr )}/ (BOR{JE) -SER(J01) 1391 !

1352 RI={S0RAYP)-50R (301 1/450R L11)-5DR (301} 1392 ! FIND BEW ELASTIC MODULLS

1333 ! 1393 !

1334 ! SCALE THE STRAIKS BY THIS AMOUNT 1394 CALL Young(Ti,P1,E1)

1333 i 1395 N

1336 FOR I=1 TR 3 1396 ! FIND THE STRESS INCREMENT IF THE ELEMENT NAS ELASTIC
1337 Dep (1) =Rutfpi 1} 1397 !

1338 NEXT 1 1398 FOR Is1 78 3

1339 i 139% sit0=0,

1340 ! FIND THE NEW ECASTIC NODULUS 1400 FOR J=1 10 3

1341 ! 1401 SIALI=81 (TheELD(PY, T, JHEPLLH)

1342 CALL YoungiT!,PL,E1) 1402 NEXT J

1343 t 1403 KEET 1

1344 ! FIND NEW STRESSES FOR THE WEW STRAIN INCREMENT 1404 SUBERD

1345 B 1405 SUB Dataout (Ut (#),INTEGER Idn(1),Plastish)

1346 FIR I=1 103 1405 £08 Dx, By, Dz, N, Ny, Nn,Nby N2, Req

1347 e(1=0 1407 '

1348 FOR 3=1 T0 3 1408 ! BUBRAUTINE BATAGUT :

{349 RN =R(I+EL4D(PY, I, 3} 4Dep (1) 1449 ! PRINT THE DUTPUT OF STRESS,STRAIN AND DISPLACEMERT
1350 REXT 2 1410 !

1351 KEAT L 1411 ALLOCATE REAL StriliNe,3:4),50(0:3),Ep0il:d)

1352 H 1412 '

1333 ¢ FIND TRUE STRESS AT EXD OF STEP 1413 ! RFCOVER STRESSES & DISPLACEMENTS FROM FILE

1354 ¢ 1414 i

1335 FOR 1=1 70 3 1413 ASSTEN #F 10 ¢

1356 SU{I=81{1 4RI +6C 1} 1416 ASSIAH #F 70 *STRESS:KPE2901,700,0%

1357 NEXT | 147 ENTER #F;Str(3)

1358 : 1418 ASSIEN eF 10 3

1359 ! FIND NEW VALUE OF STRESS HE3NS !

1360 ! 1420 ! FORMAT GUTPUT FOR ELEMENT & NODAL DATA

1381 FOR I=1 10 3 1421 !

1382 S(1)=80t1)485(D) - 1422 INAGE 45X, 364,00

1363 NEYT I 1423 INABE 33, 508,00

1364 ! 1424 THABE 44, 1%, 34, 31,8, 7X, BA, 64,94, 7K, 80, 7X, 84, 61,94

1385 ¢ FIND THE NEX YIELD RADIUS FOR THIS CLEMENT 1425 INAGE #, 50, BDDDESTZ, Y

1364 ! 1424 INAGE 4,58,3%,128, 38,124

1387 §3=-1EE ey 27 INAGE #, SD. DDDRDESIZ, 3X, SD. DDDDBESIL

1368 RED=5{LUI) 1428 !

1369 BN =5(2)41(3) 1429 !

1370 BE41=80RIDI38(3) 430 !

1371 31=0, [T Pag=1

1R FER 1=1 T 4 1432 PRINT CHR$ (D

1373 d=3iahsach 1433 PRINT USING "//*

1374 KEXT 1 1434 PRINT USING 1422;"E LENENT DaT# : PAGE “;Pag
1375 =142 1433 PRINT

1376 ! 1438 PRINT USING “B,14T"

13 ! MUSY SCALE THE NEW YIELD RALIUS 137 FRINT USING 1424; *FLEN®, "E/P¥, *I-STREAS, *Y-5TRESS®, *KY-STRESS®, *¥-§
1378 ! TRAIN*, “Y-STRAIN", * XY-STRAIN"

137% Jy(lelai=dy 1438 PRINT

1360 SUBEXIT 1439 FOR Iela=1 TO Me
1440 !



9 p!

1841 ! GBTAIN STRESSES AND STRAINS FRON STRESS ARRAY 1501 !
]

1442 ! 1502 ! PRINT HEADING FOR EACH COLUMN
1443 FOR I=1 T0 3 1503 !

1844 80(1)=6tr {lela, 1) 1508 PRINT USING “#,81"

1445 Epl(1)=5tr (leln, 143} 1503 FOR 1=1 70 Xcol

1Hép NEXT 1 1508 PRINT HSINE 14247 "NDDE *,* X-DIRECTION"," ¥-DIRECTION
1447 ! 1507 PRINT USIHS *3, 73"

1448 | PRINT THE STRESS TO THE APPROPRIATE FORNAT 1508 NEIT 1

143 ! 1509 PRINT

1350 PRINT USTHG "3,15t" 1510 PRINT USING 61"

1451 PRINT USING *4,1Y,DDD,2{"; leln 1511 FOR I=1 T0 Neal

1452 IF Plast(l,Jeln)=0 THEN PRINT USINE '4, 1A%;" * 1542 PRINT USING {4285 * NB. *, "DISPLACENENT®,"DISPLACEENT®
1853 IF Plastlt,lela)=1 THEN PRINT USING '§,1A";*1" 55 PRINT USIND *#,70°

1434 IF Plast{2,Jelnd=0 THER PRINT USING 415,20 * 1514 NEXT I

1855 IF Flast{2,Tels)=) THEW PRINT USING “2,1#,2%";"3° 1515 PRINT

1456 FOR 1=1 T0 3 1516 PRINT

1457 PRINT USINE H425;8041) 1517 FOR I=Pag+! TO Pag#50

1458 - NEXT I 1518 P1=]

1459 FOR i=1 10 3 1519 P2=F1+50

1440 PRINT USING 1425;Ep0(D) 1520 IF Neol>s aND P23Mn THEN Meolsi
1851 NEXF 1 1521 P3=P2450

1442 PRINT 1522 IF Ncol32 AHD PI)Nn THEN Ncal=2
1453 ! 153 IF P1)Nn THEW 1547

1464 ¢ FORMAT DUTPUT FOR EACH FABE 1524 PRIKT USING *#,4X"

1463 ! 1525 PRINT USING *a,1%,DDD,4X%;P1
1446 FIR 1=55 T0 335 STEP 55 1526 Ix=1dn{1,P1)

1487 1F Tele=1 THEN 1527 ly=ldni2,PL)

1458 Pag=Pag+l 1520 PRINT USING 142730t (Tn), Mt (Iy)
1447 PRINT CHRS (123 1528 IF Pi=Nn THEN 1545

1479 PRINT USING *//° 1530 IF Ncol 1 THER

141 PRINY USING HM4ZB"EL EWENT DATH : PABE *Pag 1531 PRINT USING *3,7X"

1472 PRINT 1532 PRINT USING *#,1%,00D,4x%;P2
un PRINT USING *8,16x" 1533 Ix=ldn{l,P2

1474 PRINT HSING 142¢; "ELEW", "E/P', "X-STRESS", *¥~STRESS®, *XY-STRESS?, *1-§ 1534 Ty=ldni2,P2)

TRAIN", *Y-STRAIN®, *XY-STRAIN® 1535 PRINT USING 1427;Ut41n), Ut (Ty)
1475 PRINT 1534 END IF

147 BN IF 1537 IF P2:=Nn THEN 1545

1417 NEAT 1 1538 TF Neol 2 THEN

1478 NEXT leln 1539 PRINT USING "#,7¢"

1479 ! 1540 FRINT USING *4,1%,D03,41%:P3
1480 ! FIND THE NUNBER OF PAGES RERUIRED FOR DISPLACEWENT DUITPUT 1541 1xe1dnt1,P3)

1481 t 1542 Ty=1dn(2,PD)

1482 $F Nn¢=600 THEK Page=4 1543 PRINT USING 142731t t1x}, Bt (Iy)
1483 TF Np(=450 THEN Paga=3 1544 NS IF

1484 1F Nn¢=300 THEN Pages2 1545 PRINT

1485 IF Nn{=150 THEN Page=i 1544 WEXT 1

1484 ! ’ 1547 NELT P

1487 ! PRINTOUT GUTPUT FOR EACH PABE 1548 DEALLOCATE Str(},50(8},Ep0tn)
1488 ' 1548 SUBEND

1459 FOR P=1 TO Page

1490 PRINT CHR$(12}

1481 PRINT USING *//"

1452 PRINT USING 1423;"N @D AL DISPLACENENTS : PAGE

p

H

1453 PRINT

1494 '

H95 * FIND THE WUNBER OF COLUMNS FOR THIS PAGE

149 !

1497 Page (P-117150

1498 IF MnXPag AND Bn¢={Pag+50) THEN Ncol=

1459 IF Nn}{Pag+50) AND Mn<=1Pag+100) THEN Ncal=2

1500 IF Nny{Pag+109) THEN Ncol=3
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