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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
local 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 d result, 1arge compressive
stress develops, while the yield stress and e"lastic 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. It
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 includes 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 steel suggests that most
structural steels can be repaired by heat straightening with no
s i 9n i fie ant c han get 0 the mat e ria"' pro per tie s i f a few s imp 1e
guidelines are followed. An extensive series of experiments 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 structural
shapes were also tested~ and factors such as the p-~ effect and
warping restraint also effect the plastic deformation. Further,
the experi ments suggest that col umns may be heated whi"' e
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 Prandtl-Reuss bil inear plasticity
formulation, and the results compare well with the experiments
at both the local and global level.
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CHAPTER 1

I NTRODUCTI ON

General

Considerable research has been applied to the seismic

behaviour of structures, and a multi-level design approach has

evolved [lJ. Most buildings are designed elastically for a

series of sman lateral forces. The forces [2,3J 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

1oadi ngs. Therefore, the actual sei smic 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 duri.ng

an extreme earthquake which occurs only once or twice in the life

of the structure. However, 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

loss 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
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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 ductil ity.

It is well known that this design procedure will result in

structura-' 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 in seismic engineering

practice. Most engineers are knowledgeable in the methods of

designing and analyzing steel structures, but they have little

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

2



benefit of the properties of steel can be obtained.

Seismic Damage !Q 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 frequently for seismic design, and the expected

damage is different for each system. Moment resisting frames are

perhaps the most widely used framing systems. Research [4,5,6,7J

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 in 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 [6J. Further, some moment frames [4J may

develop permanent deflections from shear yielding of the panel

zone as shown in Fig. 1.2.

Concentri cally braced frames are much sti ffer than moment

frames, because of the large axial stiffness provided by the

brace. Therefore, braces [8,9,10J 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 wi 11 al so induce fl exural yi el di ng of beams or

other members, and so plastic rotations in the beams may also

need repair. Finally, severely buckled braces may also cause

local distortion of gusset plates or other connections.

3



FIGURE 1.1.

ReprOduced from
best available copy.

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
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Eccentrically braced frames have also been used in recent

years. These structures [10,IIJ dissipate large amounts of

energy through shear yielding of the eccentric link. Flexural

yielding may also occur at tne ends of the links, and web

buckling may accompany this plastic deformation as shown in Fig.

1.4.

Other types of damage maya I so accompany tne above pi ast i c

deformations. The frame may be out of plumb, and crackin~ 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

Ducklin~ or local web or flan~e 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 is typically quite small for most buildings.

Structural costs are frequently less than 20% of total cost for

taller bui Idings with foundations, architectural components, and

meChanical equipment constituting the bulk of the cost. A

bui Iding 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

repai rabl e if the non-structural damage is sma 11. 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.

6



Reproduced lrom
best available copy

FIGURE 1.4. Photograph of Damages Produced by Cyclic Shear
Yielding and Web Buckling of An Eccentric Link.

FIGURE l.5. Photograph of a Floor Slab During Repair by Epoxy
Injection
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Methods Q..!. Structural Damage Repai r

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 [14J if

the shear connectors are in good condition, but it wi 11 probably

be ineffective in redevelopment of shear bond with the metal

deck. If the concrete is cracked excessively or shear bond

stress or shear connector fai 1ure has occurred the concrete sl ab

may require replacement. If the concrete is structurally sound

but repair of cracks is desirable for architectural reasons, a

thi n toppi ng 1ayer may be desi rab I e. Crack i ng 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

di spl acements or story dri fts.

Damage to the steel frame is usually more important to

the structural integrity, but repair sometimes is quite easi Iy

accompl i shed. Several methods of repai r have been successfully

used for steel structures [15]. The first method consists of

rem ova I and repl acement of damage steel. Thi sis typi ca 11y the

first repair method to be considered by a structural engineer

when deve I opi ng a program of damage repai r, 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



Reproduced trom
best available copy •

FIGURE 1.6. Photograph of a Cover Plate Attached to a Damaged
Steel Girder.
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beams and members which support light dead loads often can be

rep'laced with an intermediate level of effort. This repair

method 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 on the

steel structure. Imperfections cause secondary stress which may

seriously weaken the structure. Further, these secondary effects

are difficult or impossible to calculate, and so the true

strength of the repaired structure is not known. The

strengthening elements are also added in p'laces 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 left 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 ill ustrated 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.

10



The third method consists of plastically deforming (i.e.,

cold working) the steel to remove the imperfection. This method

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 is

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 large 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

e mb r itt 1e men t 0 f the s tee 1 and the 1 ike -I i h0 0 d t hat the s tee 1

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 also widely used by fabrication shops,

but it is poorly understood by structural engineers. With this

11



method, a local concentrati on of heat is appl i ed to part of the

structure [16]. 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 local compressive yielding 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 [15J

and railroads in the repair of damage in existing bridges. It

has also been used in the repair of buildings. For example, in

1956, more than 1400 members of a roof space truss at McChord

Air Base were damaged by a fire, and this roof was economically

repaired [17J. 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 little equipment, and the repair can frequently be

performed while the structure supports the dead load or is in

partial service. However, there are several potential problems

with this method. First, the method is not well understood by

engineers. It is practiced as an intuitive art by skilled

technicians, and there is wide variation in the methods used and

results achieved by these technicians. Secondly, it uses

12



elevated temperatures. This has the advantage of eliminating

cold working, but the elevated temperatures also may change the

properties of the steel, introduce embrittlement, cause large

residual stresses, and introduce other potential problems

encountered with welded structures [18J.

A Proposed Program for Damage Repair !Q 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 controlled

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 whi ch is most well understood by engi neers. 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 predictable 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

repai ri ng all damage to steel structures. It wi 11 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.

Step 3.

For members which are not cracked, torn or

excessively deformed, estimate the amount and

location of heat needed to affect a repair.

Determine the effect of this heating on the

material properties and structural performance of

the steel. Estimate the cost associated with the

repai r.

Cost estimates should be developed for

strengthening of damaged members through the
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Step 4.

addition of cover plates or other methods.

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.

Cl early cracked or torn steel must be repl aced or

strengthened, but many elements can be

economically repaired with thermal stress or heat

straightening.

It is 1 i kely that a competent structural engi neeri ng fi rm

could accomplish Steps 1,3,4 and 5 with reasonable speed and

confidence, and an organization with prior experience could do it

with alacrity. 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 able 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 ~ 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 experiments are then performed to improve our

understanding of the heat straightening process. More than 70

experiments are performed, and, when combined with earlier

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 known

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

economi cal and practi cal repai r method. The local behavi or 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 clearly 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 [19~20J in statically

determinate beams with a linear temperature gradient over the

depth or length. It is the temperature gradient combined with

restraint against expansion which causes yielding and permanent

deformation. The restraint is usually at least 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

triangle, 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 desi red

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

requi red for thi cker steel and 1 arger heated areas. Si nce

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 influence 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

plane 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 applied to the center of the flange as

shown in Fi g. 2.1(b) cause camber whi 1e heat appl i ed 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 gi ven 1 i ne to attai n 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 length 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 links.

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 sei smi c damage repai r. 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 probability of local
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buckling. However, there is disagreement as to the total effect

of quenching. Some engineers [21J 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

errors 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 application. However, some research has been done in

this area, and there is a basis for resolving some differences

in opinion.

Influence ~ High Temperature ~ Material Properties

It is well known [22,23J 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 in 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 [22J 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 [22,24J shown in Fig.

2.2 is an elementary tool [22,24J which may be helpful in

eval uati ng these long term effects. Thi s di agram is generally

believed to be valid for all carbon steels (i.e., carbon steel

with less than 2% carbon) and most low alloy 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 norma 1 servi ce 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 i ron-carbon compound (Fe3C), 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 pearlite, and therefore consists of a

pearlite and cementite. Ferrite is soft and very ductile, while

cementite is hard and brittle, and so low carbon steels tend to

be softer and more ductile than high carbon steels.

Temperatures in excess of 1333 0 F (723 0 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 'larger percentage of carbon will

be carried in solution. If 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 roll i ng and worki ng can occur. When steel is cool ed 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 called

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 likely to occur in high strength,

high carbon steel.

This elementary information serves as a basis for heat

treatment of steel 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 slowly. This

relieves internal 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

25



forms a hard, brittle, martensite surface structure, while

maintaining a soft, ductile interior. Normalizing is typically

accomplished by heating and then cooling in a controlled

environment but not as s"lowly 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 steels. 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, 1333 0 F (723 0 C) and

cooled by quenching or slow cooling process.

Most structural steel s are carbon steel or low alloy steel.

Therefore, it is reasonable to expect that most structural steels

can be heated to temperatures of 1300 0 F (704 0 C) with very

little change to the material properties. Residual stresses may

be introduced or partially relieved by this heating, and the

hardness may be changed slightly. 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

low carbon steel) with no serious consequences since this

essentially tempers the steel. Temperatures hotter than 1330 0 F

(721 0 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 A514 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 independently checked by

experimental research. Tests have shown [25,26J that mild steel

can be heated to temperatures of approximately 1200 0 F (649 0 C)

with only minor loss in ductility, slight increase in Rockwell

hardness, and an increase in Charpy V-Notch impact energy. Tests

on A441 steel [27J suggest that there is no change in yield or

tensi 1e strength, a sl i ght increase in the notch toughness

transition temperature, and a 19% decrease in ductility or strain

at fracture when heated to 1200 0 F. However, the elongation

attained after heating was still 56% larger than the minimum

required by the ASTM standard. Other researchers have suggested

that temperatures as high as 1650 0 F will cause no adverse

effects with mild steel. Pattee and others [28,29J have

indicated that low alloy steels with yield stresses in the range

of 45-75 ksi can be exposed to temperatures of approximately

1100 0 F to 1200 0 F (593 C to 649 C) without significantly

affecting material properties. Moberg [30J has indicated that

very high strength structural steels such as A514 and AS17 will

not degrade if temperatures are kept below the 1150 0 F (621° C)

tempering temperature.
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Graham [31J 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 lowered 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 [32J 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 uniaxial restraint. The plastic

rotation achieved by a V-heat with geometry as shown in Figure

2.4 is
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where a (T), r(T), 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 similar model [32J has been used to simulate

spot heats. The elastic thermal stress distribution caused by a

small radially symmetric temperature distribution has been shown

[33J to be

= aE(l, £b Trdr -
1 £r

Trdr) (2.2)or -2

b 0 r 0

a4 = aE (_ T+ 1 .fb d 1 /r
Trdr (2.3)Tr r + -

b2 0 r 2
0

where a and E are constant. If the temperature is constant, T ,

within the heated radius, a, and this radius is very small

compared to the dimension of the plate, b, then within the heated

area
1o = all = - - Ea (T 1 - T )r r 2 0

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

area when

(2.7)

and this equation can be combined with Eq's 2.5, and 2.6 and

strain distribution associated with the elastic solution [33J to

estimate the plastic deformation. Hol t uses these si mpl e

concepts to suggest that the minimum temperature of approximately

310 0 F and a maximum temperature of 620 0 F (155 0 C and 325 0 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 (particularly for larger

diameter heat patterns.) Both Eq'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

limit 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 [34J 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 2.1c. 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

31



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 applied loads. It is unlikely

that equi 1 i bri um wi 11 be sati sfi ed after the fi rst step and so

this stress distribution is then adjusted by iteration until

equilibrium and yield state are both satisfied. Experiments were

performed [35J 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 2.1a 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
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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 yielding,

and so they feel mild steel is more easily deformed.

2. Some researchers suggest that quenching is effective in

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 if the

temperature is increased beyond certain limits, (1200 0

F for V-heats and 783 0 F for spot heats on mild steel).

This is clearly suspicious since unrestrained thermal

elongation 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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5. Some authors [26] suggest that peening is helpful in

increasing plastic deformation while others [15J

contradict this claim.

6. 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 large 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, 38J. 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. All 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.

35



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

5. 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. Variations 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 [39J 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 0 F to 1600 0 F (427 0 C to 871 0 C), and

comparison of these results show the effect of increasing

temperature on plastic deformation attained during heating. The

heat was appl ied 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 OS-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

r eli a b1 e and rep eat a b1 e tow i t h in.:. 50 of. Twen t y - 0 ne 0 f the s e

specimens also had a grid of thermocouples attached to the

unheated side of the steel. The thermocouple 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

rel ati vely constant heat input for all speci mens. The ti me

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 minimize through thickness gradient and quickly 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 11 x 6 11
, but four each

were tested with nominal dimensions of 1/4 11 x 8 11 and 3/4 11 x 6 11
•

Thi s covered h/t val ues in the range of 8 to 32 and si mul ates a

wide range of practical conditions. Compari son of these test

results for different h values will illustrate the importance of
t

this parameter on the obtained plastic deformation.

The geometry of heat can be typified by the angle of the

heat, 8, and the depth of the heat, d, as shown in Fig. 3.l.

Previous research [36, 38J has shown that increasing the angle

of the heat and the depth of the heat increases the plastic

rotation if the temperature and applied load are held constant.

Fi g. 3-3 shows the experi mental resul ts obtai ned for speci mens

which were heated to 1200 0 F (649 0 C). There is no obvious reason

to question these results except to note that restraint is

necessary to induce compressi ve stress and yi el di ng, 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. All

specimens were heated with a 2/3 or 3/4 depth heat and the heat

angles were 45 0 , 60 0 , or 82 0 • The 82 0 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 in 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 [22J when the alloy content is

increased in the steel, but the difference is less important at

elevated temperatures. The coefficient of thermal expansion also

decreases [22J for hi gh alloy 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 time 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 [38J 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 appl i ed moment was vari ed in these experi ments to

establish a baseline 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, 35J believe that repeated heating is useless,

because of the residual stress which occurs. Other research [16,

32,39J 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 load patterns as some unquenched

specimens. The quenching was performed with a water mist applied

to both surfaces until the steel was cooled below 2l2 oF.

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. However,

there were some basic similarities 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 laterally 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 I

through 32 and HI through H9 were loaded with a hanging weight as

shown in Fig. 3-5. This method provided constant moment, but it

was somewhat unstabl e due to the pendul urn moti on of the wei ght

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 pendulum effect and potentia-I instability of the

specimen, but it meant that the applied load 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.~. 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

Fi g. 3-d. Di stances between these pi ns were measured wi th a

vernier caliper to .001 inch and interpolated to 2:..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

al so 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 heati ng and

after cooling to determine the plastic strains caused by the

heat.

Out 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.U. 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 \yas divided into

two parts. The first part, Series B-1 consisted of wide flange

col umns whi ch were heated wi th V-heats on a si ngl e f1 ange whi 1 e

supporting a compressive load as shown in Fig. 3.9. This heat

pattern woul d typi fy the repai r method needed to produce a

lateral-torsional deformation of the column. Eight specimens

were tested and the general parameters used in each test are

summari zed in the next chapter. Al I specimens were \~6x25 wide

fl ange secti ons 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" pl ate si ze used in many Seri es A experi ments. Two

of the specimens B1-1 and Bl-2 had no axial force or other

loading durin9 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 influence 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

resu I ts to structural shapes.

The remaining six specimens of Series B1 were designed as

simply supported columns for weak axis bUCkling with weak axis

kl
r

values varying between 60 and 120. A compressive load

between 40% and 80% of the AISC [40J design service load was

49



Figure 3.9. Photograph of Test Set-Up for 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 later 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. If this

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 mounted

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 col umn. Temperatures were

measured with temperature indicating crayons, and a non-contact

pyrometer as used in Series A. All 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

appl i ed with the same torch si ze and setti ngs as used in Seri es A

experiments.
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Series B-2 consisted of two W12x14 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 similar 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

di stribution. The beam was supported as a 7' simpl e span with no

load (other than its sel f wei ght) appl i ed. The top f1 ange was

heated to 1200 0 F (649 0 C) with a medium size torch. The beam

was drilled and punched for a lOll 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 E1 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, 39J 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 temperature 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 constant over

the heated area, while the unheated area is 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 [41J and the results

for mild steel are summarized in Table 4.1. The results for high

strength steel are summari zed in Tabl e 4.2. Thi s chapter wi 11

provide a description and analysis of these results. The

evaluation will focus on the important parameters and

contradictions in present practice noted in the earlier 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 speci men as shown in Fi g. 3.8, and compari son of the

distances between pins provides a measure of the strain produced

by thermal y i el din g• Lon 9i t udin a1 s t r a ins 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 longitudinal and

transverse strain, respectively. These typical measurements were
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TABLE 4.1

EXPERIMENTAL DATA FOR MILD STEEL SPECIMENS

!3PECIMEN !·-/EAT AI\lGLE NET CORRE-_.. ___M__________________ H___ ___...____________ ._._~_. _________
LOAD PLASTIC ELONG- LATION

# CODE THICK. DEPTH DEPTH TEMP. ANGL.E TIME F~AT 10 ROTATION ATION COEFF.
( IN) ( IN) R(~TIO (F> <DEG> (t'1lN) (DEG) <IN>

1 f3 4 11375 5.90 ! ''''1 1150 82 4.08 II 23 .56 -.015 .996• Cl/

2 S "7 II :375 5.90 .6'7 1200 82 3.65 ,.,oo;r .58 -.014 .989II ":,,,_,

:~:; ~:) 5 .. ~::7~j 5. (~)O .7::) 11 ::;0 8" e). 75 r,"':!' .67 -.017 .990"'- • ..:., •.J

L~ S 1. • :::::r5 5.90 .75 1200 82 5. 5~5 '?oo::' .76 -.016 .991• ..:.;. •..J

~) E) 2 II ~~::7~) 5.90 .67 1250 45 3_ ()3 .23 .54 -.014 .999
6 fHi -:1'71::' 5.90 .6'7 112~'5 82 4.78 • 16 .66 -.017 .993II •..;, I \oj

"7 S ~::.
'''''''''1:- 5.90 .75 950 82 3.67 • 16 ,,39 -.009 .991III •.::. I ••J

El 8 9 .37:) 5.90 .67 1. (I(ll) 41::' 2.00 .. 1::-~ .25 '-.007 .992. ,.J

9 812 -r-11::' ::;.90 .67 925 60 1""\ I~"'" .09 .21 -.005 .994• .~:I I "".J ""II":='''::'

10 S 8 • ~,) -7~j ~5. 90 .67 975 60 2.62 .25 71:::" -.006 .984• ...:.\.J
01 11 E; 1. :~; · ::::75 ::,.90 .75 1075 60 2. 7:~:' • 16 .. 42 -.011 • 99~5m

12 810 u 37~':; 5.90 .67 700 82 3a25 • 16 • 17 -.002 .996
1::::: S14 II :3'75 5. <710 7"'" 700 8':'> 2 .. 28 • 16 .16 -.002 .986• ....J ~.

14 S 6 11:375 5.90 .75 725 60 1.27 • 16 .08 -·.001 .976
15 El2F.l · ~!:]5 5.90 .67 1025 82 4.83 .09 0:::-,.., -.011 .992.. \001"::'

16 827 II ~57~:5 :-i.90 .67 1025 60 ~:'h 1::-:: 0.00 .40 --.011 .998
17 !326 • ~~;'?~j ~'5. (10 .67 1275 40:::- 3.00 • 16 .67 -.016 .999~I

1B 821 • :::~'75 5.90 .67 en::; 45 rj ...... 1::: ""1:::" .47 ···.007 .997.~ II .&::. ...J .. "::'...J

19 f,;20 " :~r75 ~5. 90 .67 1.050 60 2M (>8 "23 .. 35 -.004 .991
20 Gl CJ II ~~:;-!5 5.90 .67 950 8 r

.) 2,. 9~j 0.00 .22 -.004 .989-....
21 S~.tl a ~~;"75 5.90 .1-::>7 :1.025 82 2,,75 --.23 -. ()3 .001 .819
2~~ S:::~5 II 3"75 ~). 90 7 r.::- 1000 60 4.10 • 16 .39 -.003 .998• d
:;:~:3 S:~4 a 3~7~J 5.90 7e:- 700 60 1 a 53 • 16 11:::" -.001 .982a· ! ....,

• ,.J

24 S2~~; II 37~5 5.90 .'75 950 82 5.15 • 16 .52 --.008 .995
'?t::" <:"'7.1,,)

a ~r75 ::i. ':'>0 • 7~:j 700 82 ;~. 73 • 16 .29 -.002 .988~.....J ~_).s...-*-

26 815 II 3"7~; 5.90 .67 14~50 8') 7.75 • 16 .74 -.017 .992..:..

27 Si16 ":r-,c::' 5. 'iO a '7~) 1~'500 82 7.70 • 16 .93 -.021 .995II ....1 I ....J

28 817 • :::::-75 ::;. 90 .75 14nS 60 6. CJ2 .16 .87 -.021 .997
29 52(';) II :~::-75 ::;.90 .67 1200 45 ~~ ."75 -a25 0.00 -.001 .091
:3(> 826 II 3'l~5 5.90 .67 1150 45 2.28 .23 .60 "-.011 .999



TABL.E 4.1 (Continued)

t3PEC I MEI\I HEAT ANGLE NET CORRE-____··.________.__R_______ _______~__________________
LOAD PLASTIC ELONG- LATION

# CODE THICK. DEPTH DEPTH TEI'1F·. ANGLE TIME RATIO ROTATION ATION COEFF.
(I N) (IN) I~ATIO (F) WEG) (l'1IN) <DEG) ( IN)

31 8L~; 8375 ~). 90 .75 1200 60 3.27 ....... 7 .69 -.015 .999· ..::.,...:..
:32 S11 .. 3'7:) 5.90 .67 1200 tl2 3.17 .23 .60 -.014 .995
~:'3 S~.::;~~ II ~::75 5.CiO .67 1:.260 60 2.50 • 16 .38 -.010 .996
:::;;4 [;3'+ .750 5.90 • t:17 1::~40 60 2.13 0.00 lC:- -,.007 .999

• ...J

:35 8:~;5 .750 5.90 .67 1240 60 2. 10 .09 .22 -.009 .998
:::::t, ~:)36 .750 5.90 .67 1240 60 2 .. 35 .16 1134 -.012 .999
37 8:':::7 · 7~JO 5.90 .67 1250 60 2 It 4·t'5 .. 2:3 · 'u -.012 .998
:~;EI ~:nEl " ~2~5() 7.90 .6'7 1220 60 1. '7"7 0.00 ,-ta::' -.012 .993.,,::,w
39 8:::::9 • :~5() 7.90 .67 1,240 60 2.33 .09 .41 -.018 .991
40 ~:;40 · :;-~~:;() 7.90 .67 1200 60 1. 78 .16 .. 3:::;; ..:...014 .992
41 S41 a :'~5() 7.90 .67 1,180 60 1. 97 .. 23 .37 -~011, .992
46 ~:;46 II :~:;'?5 ::'i.90 .67 1000 tlO 1. .. 92 .1,6 .28 -.007 .995

(j'J L~7 847 It ::~;75" 5.90 • "7::'5 1,260 60 2.33 • 16 .46 -.012 .999
--J

LJ,El !:;4EI II :3'75 ~5" C·i() • 7~i 1175 2.50 .16 " 33 -.009 .99960
49 848 · :~:;75 5.90 .75 1125 60 2.17 .16 .26 --.007 .999
50 S50 · :37~5 5.90 • 7:) 820 45 1 u 25 .16 .08 -.001 .975
51 ~351. .375 5.'10 7"'" 925 45 1..42 .16 .17 -.004 .998

• ...J
I::' ""J c'r.:.- '-J .. :3;·?~,) 5. C/O 7C:- 1150 60 2.08 .16 .40 -.011 .994\.J.e:.. \o,,),J.a:..

• ...J
1=-:" (""1:::"':," .375 5.90 • '75 123<) 82 3.83 • 16 .73 -. ()22 .996...J.";I ,:J,-J.":I

54 S~i4 II ::::;75 5.90 II 7~j 1490 60 8.13 • 16 1. 1'7 -. ()32 .999
I:::'r.::' C;'-I:::',:::- .375 ::'5.90 .75 1400 82 8.4(> .16 L 16 --.036 .996,.J,.J ~,..}."J

~j6 S56 It :~:1'7~5 5.90 .75 780 45 1.~53 • 16 .08 --.001 .999
57 557 • :~:;75 5.90 .'75 1000 45 1. 83 • 16 .20 -.005 .998
:'i8 S5B fa ::)~'~:j ~5. '10 -11::- 1180 60 2.60 .16 .34 -.009 .999a l , ..J

59 5~19 11 ~5~1~) 5.90 .'75 1110 8"' 2.83 .16 4'"' '-.010 .994"- · ....



TABLE 4.2

EXPERIMENTAL DATA FOR HIGH STRENGTH STEEL

SPECIMEN I..·IE?\T ANGLE NET CORRE-
___M ___'. ____N.__ •____ n _____'_._ ~__ ._._~__ ~~_.__~ __~_~________ LOAD PLASTIC ELONG- LArION

# CODE TH I C~<. DEPTH DEPTH TEMP. ANGLE TII1E RATIO HOTATION ATION COEFF.
<IN) ( IN) HATIO (F) <DEG) (!"IIN) (DEG) ( IN)

\

91. H :I. • :::'7~3 5.90 .75 1100 El2 :3" 5~5 0.00 1 <:.- .002 .995• ;.J

tnl 92 H 2 M :~:;'7~) ~;. 90 • n:"i 11.00 60 ::;!;. 10 0.00 .21 •... 004 • tr;'~6co
cr::: H ::::: a ::::'75 5.90 "71::' 700 8''':' :7~ II ()2 0.00 0.00 .002 .. 334u I .....1 ..:..

1·74 H 4 q ::::;"7~j 5.90 .75 750 60 1. 17 0.00 -,0.00 .001 .2()3
95 H 8 II 3:15 5.90 D 7~) 750 82 1. 97 0.00 .01 .001 .264
96 H 9 II :~:;H15 5.90 .75 675 45 1..05 0.00 ·-.01 .003 .408
97 1..·1 ~; II ~;'7!.:) 5.90 .75 725 60 1.37 0.00 0.00 .002 .280
98 H 6 • ~'::;75 5.90 .67 675 60 1..20 0.00 -.01 .003 .809
i~.i9 H '7 • :375 5. SIO .75 67::; 45 1.42 0.00 -.01 0.000 .538
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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 the heated area and in compression in other

areas. Further, the magnitude of the transverse strains was

typically one half of that observed in the longitudinal 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

[36J, 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 bul gi ng effect noted in Fi g. 4.3 and
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the sma1"l deflections measured made these rotations relatively

unrepeatable and inaccurate. Therefore, a second method was used.

This method [39, 41J 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. Thi s occurred because all members except one became

shorter during the heating process. This is an important

observation, because damaged members typically elongate during

plastic deformation.

The method shown in 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. It 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 statistical correlation [42] study. It was found

that plane sections clearly do not remain plane within the heated

area. The 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 larger 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 Qf 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 [15J. 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 al so difficult to accurately define.

All of the heating was performed by technicians, and they judged

the temperature by the color of the heated steel. In 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 0 F (~ 55 0 C) and sometimes

misjudged it by more than +200 0 F (110 0 C). Further, different
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technicians apply the heat differently and this likely

cont ri butes to the scatter noted in the fi gu res. For exampl e,

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 illustrated 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 linearly with the

temperature for a unit vol ume of heated steel. Fi g. 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. In 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 load 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 0 F (315 0 C) for mild steel and 1000 0 F (540 0 C) for T-l

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,
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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 1300 0 F 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 ~1000F, 1200 0F is a

practical limit on temperature. Second, while all of the

specimens supported the applied load without buckling during

these tests, test specimens had an inclination towa"rd 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 1400 0F (760 0) as shown in Fig.

4.9.

Effect ~ Applied Load

Previous research [36, 38, 39J has shown that an applied

load which introduces compressive stress into the heated area

will increase the plastic rotation. The series A results support

this conclusion 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/M p 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 so it is reasonable to conclude that residual

stresses do not affect the plastic rotation significantly. This

conclusion can be rationally explained because it is well known

[43J that the plastic moment capacity, Mp ' 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 moment. 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/M p where the
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temperature profile is simi"lar for all specimens. This figure

suggests that there is a geometric effect, but the precise

influence is not clearly defined. For small values of M/M p '

thick, shallow specimens resulted in significantly larger plastic

rotations. For larger load 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 behavi or. Thermal stress is very

sensitive to the temperature gradient, and two dimensional heat

conduction [20J 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 geometry 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

heati ng. 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 212 0 F (looOe). 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.

M0 s t s pe c i men s s howe d a s i gn i f i can tin c rea s e (t Ypic ally 20% t 0

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 little

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 quenching 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 consistently increase the plastic

rotation if the quenching is performed shortly after heating, but

quenching should be used with great care at temperatures in

excess of 1200 0 F (650°C), since sudden cooling may affect the

material properties as noted in Chapter 2.
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'lABLE 4.2;;

TEST DATA FOR QUENCHED SPECIMENS

QUENCHED SPECIMEN UNQUENCHED COMPARISON
--'~-----_._---------------------'~-'-------'----~---- ----- -----------~---------------

# DEPTH HEAT UJ(-~D TEI'1P. ROTATION DELAY WGT. # TEMP. ROTATION COMPo
RATIO ANGLE RATIO (F. ) ANGLE TI MI::~ WA TEF< (F. ) ANGLE RATIO

I.' .... .750 60. • 15137 1000. • :~::f:l76 :::0 156 11 1075 .419 .925.,;:...::.

r ......=!' • 7~50 60. • 1~587 700. .1.543 2::0 1.01. 14 725 .084 1.833..:......1

2L~ ,,"150 El2. .1.587 <:150. .. 5:2(J3 :30 236 7 950 .394 1.320

r-,I::" .750 8:Z II • 1~587 700. .:2894 30 195 13 700 .157 1.847.'::'J

4'·' Q '7~5() 60. .1587 1260. .4560 0 56 58 1180 .340 1.340' J

'"w 48 ,,'750 60 .. • 1. ::'it3'7 1.1. nL " ~:;~!51 120 :~;;8 58 1.180 .340 .955

4<)) ., '?~5() e)c) p • 15H7 1125. .261.9 240 30 11 1075 .419 .625
58 1180 .340 .770

~)O .750 L~::.'i. • 1 ~,::jI37 820. . o79:':'j :3;() 67 56 780 . ()82 .971

~51 tr :l5() 4""- .1587 (3'25" .1672 :::;:0 88 57 1000 .2()2 .827.J.

~:j:2: " 750 60. .1587 1150. .4046 :~::O 127 11 1075 .419 .965
58 1180 .340 1.189

~:iL~ • 7~:;(l 60. .1587 1490 • 1.1658 :::;'0 284 28 1475 .869 1.341
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Effect.Qf. the Geo~etry.Qf. the ~ated Area

Previous research [36, 38, 39J 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 4.5 shows that increasing heat

angles generally results in increased plastic rotations even for

heat angles as large as 82 0 • The effect of heat depth can be

seen by compari ng speci fi c data poi nts (such as Speci mens 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

compressi ve stress or bendi ng moment, because it is approachi ng

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 al so increase the out of pl ane deformati on and the

probability of local buckling.

Effect of the Yield Strength Qf the Steel

Increased yi el d strength reduces the

achieved with a given heat and load pattern.

plastic rotation

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 yi el d stress increases the pl asti c 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 loads, but this increases

the probability of buckling, because the elastic modulus does not
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increase for high strength steel. However, most structural

steel s are carbon or low alloy steel wi 11 yi el d st rength no

greater than 50 or 60 ksi (345 or 415 MN/m 2), and so while high

strength structural steels may require more effort to repair, it

is not likely 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. A514 steel apparently does not deform

plastically unless heated to temperatures in the order of

1000 0F(5400) or higher and the maximum temperatures will likely

be limited to the tempering temperature of the steel

( a ppr ox i mat ely 1150 0 F) , be c au s e hi gher t em per at ures may c han ge

the material properties of the steel. These constraints

seriously reduce the effectiveness of the method.

Effect ~ lime and Variations ~ Thermal Properties

Time and temperature were the most difficult parameters to

control during these experiments, because they may vary

dramatically 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 specimen 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 app1 ied 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 these

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 valid because time enters primarily through the

conduction heat flow in the steel. The time required to heat a

specimen must be long 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 loading. 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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TABLE 4.4

COMPARISON FOR TIME REQUIRED TO HEAT SPECIMENS

HEATED !3PEC I l'1EI\! COMPARISON SPECIMEN
~•••••• _ ••~.......__ "._ ......._ •••__....... MOO- ____ ••_ ••__.- ._••_. _ .. _____ ..... __ .M_ ..... _ .. ___ ._ " ____••• ____ ...__..-_.. __________ -------------------------------

# DEPTH HEi;iT LOAD TEI'1P. FmTP,T!ON HEAT # TEMP. ROTATION HEAT COMPo
RATIO ANGLE RATIO· (F. ) ANGLE TIME (F. ) ANGLE TIME RATIO

1 .6'70 02 .. a ;~2~7() 1150 .. .5648 245 ::~ 1200 .5713 21 11 .978
'-:rrj 1200 .595 190 .949...:...::,

/'7' • ,~70 02 .. n :'~2?() 1200. .5776 21.9 "":,.,..., 1200 .595 1.90 .971.t:_ ...:' ..::'
-....I
CO

:::;; • '7::50 EJ~:~ u a 2:~7() 11 ~iO .. .67:::;:5 :::;:45 4 1200 .764 333 .881

:::; :~~; • 670 60 .. .15\37 1260. .3794 150 :::;;6 1240 • :3;36 141 1. 131



Col umn Tests

The results of the column tests are summarized in Table 4.5.

Two of the specimens (B1 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 11 x 6 11 plates used in Series A. The

rotations for Specimen B1 and 82 were measured with steel pins as

in Series A experiments and they are rotations of a single f"lange

rather than the total section. As a result~ Specimens 81 and B2

are somewhat comparable to Series A specimens 16~ 20~ and 34.

The rotation obtained for B1 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 withkl values of
-:r

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 B1

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 cooling~ 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 deflection to obtain the permanent rotations

and defl ecti ons seen Fi g. 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-~ 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

buckling. They all supported the applied compressive load during

the heating process.

Sin ce the P-~ effect reduces the co mp res s i ve s t res s whil e

the steel is hot and increases the compressive stress during

cooling, the plastic rotations were smaller than if p-~

deflections were prevented. This suggests that the addition of

restraint, which restricts lateral deflection and limits the p-~

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

[41J 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 B1 and B2, when the

increase in compressive stress is considered, and they are even

smaller 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-~ effect and

warping restraint. Columns with low slenderness ratios, Kl,
r

have larger 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 B1 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 [39J 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 0 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.

Table 4.6 summarizes some of the more important results of these

tests. Fig. 4.14 illustrates a typical maximum temperature

distribution over the steel cross 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 conti nuous over the 1ength. The assumpti on that pl ane

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 beams

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 yielding

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

e "\ a s t 0 - P1a s tic moment curvature r e 1at ion s hip fora 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 yielding. 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 plastic strains will

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 sma 1 -I or atl e a s t not large

compared to Mp)' the pl asti c strai ns wi 11 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 large 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.

Summa ry

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 is not possible to

precisely control the 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 basel ine

for this model, since they help determine the reliability and

validity of the calculations.
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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 [16,32J prepared a simple model for V­

heats and spot heats. The model has given fair agreement with

some but not all experimental results [30J, 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 is

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 [34J has proposed the use of a strip model for

continuous heats on steel shapes. Compatibil ity conditions are

enforced by the application of the plane sections assumption.

Experiments have shown that this assumption is severely violated

wit hi nth e hea ted are a 0 f co nc e nt rat e d heat pat t ern s s uc has V­

heats. The assumption is realistic outside the heated area and it

is approximately maintained with continuous strip or edge heats.

Other authors, [37,38J 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 problems 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 load 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

thi s model was to predi ct both the local and global behavi or of

the heated member. The understanding of iocal 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 [19J, 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 independent temperature distributions are generated from

the heat flow 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 [44J was developed for

rectangular plate specimens such as those evaluated during Series

A experiments. The plate was broken into a rectangular grid and a

simple thermal energy balance was applied to each element.

bTpCpbV = qk + qc + qr + qf

bt

( 5 .1 )

b T and bt are the incremental temperature and time, and b V is

the volume of the element. The thermal mass is pCp, and qk' qc'

qr' and qf are the rate of heat flow by conduction, convection,

radiation and torch input flux, respectively. The thermal

conductivity between adjacent elements is discretized by

K A T T
qk = n k a - e

dae

( 5 .2)

where Ak is the conduction surface area between elements, Kn is

the thermal conductivity, dae is the centroidal distance between

elements, and Te and Ta 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,

( 5 .3 )
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and the Stefan-Boltzman equation,

q = A F Far r e
( 5 .4)

Ac and A r are the areas for convection and radiation,

respectively. Fe and Fa are the emissivity factor and the shape

factor, and is 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 rea"listic time-temperature profile. The elements are

sequentially heated to a target temperature with the pattern of a

V-heat shown in 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 [37J has shown that this spreading effect can

be modeled with the equation

and
qf = G(r)A

-brG(r) = ae

( 5 .5)

( 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 si ze and pI acement of the torch and 1 i kely 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 5.5 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 sma"ll. 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 developed 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 obtained with this mathematical model, but

these results must be modified before they can be used in the

non-l inear stress-strain analysis. Therefore, a number of

temperature profi 1 es were sel ected at speci fi c ti me interval s

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 0 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 analysi s were then used as appl i ed 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 [45J. The

change in temperature for each 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.

(j = a = a!1TE
x z 1-v (5.7)

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 and a. Figs.

5.5, 5.6 and 5.7 show the variations of these parameters used in

the analysis. The Von Mises yield criteria was used as the

yield surface. This criteria depends only upon the deviatoric

component of stress, and yielding occurs when
2

J 2 I -k > 0 ( 5.8)

where J2 is the second invariant of the deviatoric stress tensor

and k2 is the yield constant.
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The stress components, Tij , and the yield stress of the steel

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

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, 47J. With this model the plastic component

of strain, deij P , is computed by

de .. P = T .• dA
lJ 1J

(5.13)

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

dA = 3 d (j
2" =----.

(5 H

(5.14)

The term,-q is the equivalent uniaxial stress for the given
I

stress state, and H is the hardening ratio with respect to

plastic strain [46J.
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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

ill ustrates three commonly used methods. The tangent sti ffness

(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 load 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) 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 load vector. Fig. 5.8(b) illustrates

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 require much

less computer time, because only back substitution of the

stiffness solution 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 loading 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 Prandtl-Reuss bi-l inear 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 yielding.

Temperature dependent behavior results in reduction of yield

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 criteria, a dual criteria was

selected. Both criteria are based on the strain energy of the

system since this energy contains a measure of both the strains

or deflections and the unbalanced force or stress in the body.

The primary convergence criteria, Cll, compares the energy for

the given iteration to the summation of all for previous

iterations of that load step. The second criteria, C22, 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 loads 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

solution. Generally, better accuracy and faster convergence of

the non-linear solution were obtained with less restrictive

convergence criteria if the applied load was greater than zero

but not too large. Large applied loads result in large plastic

deformation and greater instability of the solution. Extremely

small applied loads resulted 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 regardless of the value of Cll. Further, the

solution 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

101



1.5

= .0001

-10
10

-4
10

OL..-..----.L---....L--_---J -1- '---__--L__~

-5 -6 -7 -8 -9
10 10 10 10 10

CONVERGENCE CRITERIA C22

Figure 5.9. Effect of Variation of tee Convergence Criteria on the Solution
of a Typical V-Heat Analysis.

r
6"

L

"

"
'"/
/
/

"..

Applied

Load P !

~.__._---

Figure 5.10. Finite Element Model of a Cantilever Beam with a Point Load.

102



because the plastic deformation is nearly zero.

report. These criteria are believed to be acceptable for

most problems of practical importance, but C22 could be reduced

further when M/Mp is less than 0.05 or greater than 0.4. The

sol uti on is 1ess stab1 e when M/ Mp ). 0.4 because the p1 asti c

rot at ion s are 1a r ge, and it i s r e 1at i vel y un s tab 1e i f M<.0 5
Mp

Validity Qf 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 [48J. Fig. 5.11

shows a comparison of the force-deflection behavior of the beam,

and Fig. 5.12 shows a comparison of the longitudinal 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

solutions can be noted at the fixed end boundary, but this

difference is caused by incorrect modeling of the finite element

103



0.05 0.10 0.15 0.20 0.25 0.30 0.35

P (kips)

10

9

8

7

6

5

4.

3

2

1

Elastic solution

Figure 5.11.

·a
E
••Jl

...
o
z:..
0.
e
a

Vertical tip deflection (Inche.)

Comparison of the Force-Deflection Behaviour Obtained by
Non-Linear Fine Element Solution With the Exact Solution
for the Cantilever Beam.

localton or longltudlnal_lraln ex at ulilmale load (In/In)

_._- Exact unia.lat soluUon

--- Finite element solullon

OL..-------- -.J
o --36 X

Length ot !laam (Ina)

Figure 5.12. Comparison of the Strains at Maximum Load Obtained by
Non-Linear Finite Element Solution with the Exact Solution
for the Cantilever Beam.

104



---- Finite el_ment solution

-_.-- EXBct uniaxial .olutlon

Location ofiongltudinsl reslduel sU ••• T Jl (Inpsn

r
31---7~---:---------------- _

;-
c

E '\••.a
;
z:
~...
•c

Length of beam (ln8)

O'------------------- -l
- -~o

36 X

Figure 5.13. Comparison of the Residual Stress Obtained by the Non-Linear
Finite Element Analysis with the Exact Solution for the Canti­
lever Beam.

y

3.0

o 18 x 24 Element grid
2.5

.1\ 12 x 18 Element grid

2.0

"\
0.5 \

I
-7.5 -5.0 -2.5 0.0 2.5 5.0

LongItudInal straIn (e x 10
4

)

7.5

Figure 5.14. Comparison of the Strains Obtained by the Finite Element
Method with the Exact Solution for A Beam with a Parabolic
Temperature Distribution.

i05



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. Other 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 isothermal analysis.

Verification of the thermal problem was also needed but there are

very few exact solutions of plastic, thermal stress problems

[19J. 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 inelastic finite element analysis and the

exact elastic and plastic solutions. The dotted line 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 those used in heat straightening analysis.
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Heat Straightening Analysis

The non-l inear, temperature dependent finite element model

was then used to cal cul ate the response to a 1arge 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. Outside the heated area some

plastic deformation occurred, but the magnitude of these strains

was an order of magnitude smaller. 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 measured

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 can be noted near the boundaries, but the

general results are very similar.

The plastic rotation and plane sections hypothesis were

e val uated at va rio us 10 cat ion wit hal east s qua res ana1ysis 0 f

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 pl astic 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 important.

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 residual 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 typica-I 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

extremely difficu-It to accurately and reliably measure in

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 large compressive residual stress occurs

at the extreme fiber of the heated specimen. This causes early

yielding in compression members and may result in a dramatic loss

in local bending stiffness. The tangent modulus buckling theory

[49J, 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 load of a straightened member. However, the

com pre s s i ve re sid ua1 s t res soc cur son 1y 0 vera s h0 r t 1eng t h , and

this reduction in stiffness may also have insufficient length 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 0 V-heat with a 60 0 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

1000 0 F (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 so smaller rotations may occur.

Fi gure 5.21 shows the effect of the ti me requi red to compl ete the

heating on the plastic rotation. The plastic rotation is

influenced by variation 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 so smaller plastic rotations must

be expected with extremely slow heating.
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CHAPTER 6

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 local concentration of heat is applied

to the structure in one of several well 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 appl ied. 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 understood by most

structural engineers. This is an important limitation, 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

115



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 0 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 slight reduction in yield

strength and ductility and an increase in notch toughness. Since

welders cannot precisely determine the temperature of the steel

during heating, 1200 0 F is a practical upper limit for these

carbon steel s. Hi gh alloy steel, quenched and tempered steel s,

or steels with strength developed by cold 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 1200 0 F will increase the plastic

deformation achieved by the heat, but they should be used only

when the effect on the materi al properti es is understood.

Further, temperatures greater than approximately 1400 0 F cause

surface damage to the steel.
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V-heats can be used to introduce a concentrated plastic

deformation. 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 particularly

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 also reduce the tendency toward buckling if properly

employed. However, quenching quick-Iy 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 to .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 600 0 F or on A514 steel with temperature

less than 1000 0 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;n rate

of heati ng and heat flow. When the heat is appl i ed to a s; ng"1 e

flange of a wide flange section, the stiffness of the web and

unheated flange reduced the plastic deformation by approximately

25-30%. The col umn tests have shown that stra i ghteni ng 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 p"lastic deformation. The addition

of restraint should be particularly effective with columns.

Line or strip heats cause much smaller plastic strains than

concentrated yield patterns such as V-heats. Maximum plastic

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 mode"1

consists of a finite difference solution to the heat flow problem

combined with a non-linear finite element solution. The finite

element analysis considers the temperature dependence of the

elastic modulus, yie"ld 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 plates, 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

Thi s research shoul d enhance the understandi ng of the

use of heat straightening in the repair of structural damage. It

provides guidelines on how to accomplish a repair, and how the

repai r may be hastened or del ayed by changi ng the vari ous

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,

whi ch may reduce the buckl i ng strength of a col umn. Further,

study is needed to determine the maximum applied loads 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 repai r, because it requi res 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 accompl ished much

more rapidly 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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APPENDIX A

HEAT FLOW COMPUTER PROGRAM
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Nl"lP. • • • • NU"BER OF TIME STEPS FOR THE HEATIN5

PRD6RM 'HTBEAn' WAS WRITTEN TO CALCULATE THE TE~ERATURE DISTRlBUHON OF
APLATE USlHG ATWD-Dl"ENSIDNAl mm DIFFERENCE "HHDD. THIS PROSRAM
WAS WRITTEN IN BASIC TO EXECUTE DN THE 'HP9B16' SERIES 200 PC.

24'
25'
26'
27' DISCRETIZATION:
28'
29' AN6lE.
30'
31 !
32!
33~

34!
35'
W
!7 ~

3B'
39!
40!
41 !
U'.
-43!
oW
45' T£"PERATURE VAliIABlES,
46!
47'
46'

00,
LL.
")'71.,

3
4
5 '
6 '
7' PROSRMMED BY ,
B' DATE
9 '
W
11' CDNTRDl PARA"fTERS,
\2'
13'
14.1

15'
16'
I"
IB'
19,
20!
21' MATERIAL PROPERTIES,

.......
N
'-I

Reproduced from
best available copy.



TPUN • • • TENPERATURE UNIT FOR HEATED ELENENT
TPRH•••• ANBIENT TENPERATURE OF ALL ELENENTS
Y • • • , • DEPTH OF SECTION

ANSLE • • • ANGLE OF VEE-SHAPED HEAT
DEN • • • • DENSITY OF MTERIAl
OX••••• DIHENSION OF aENENT IN X-OIRECTION
NCOL•••• NUNSER OF COlONHS FOR THE DISCRETlWION
NROW•••• NUHBER OF RONS FOR THE DISCETlZATlON
HROWV ••• NUNBER OF RONS TO BE HEATED IN THE VEE-HEAT
TNUN ••• TINE UNIT FOR THE TENPERATURE CALCULATIONS
TNPO. • • • TINE INCRENENT TO OUTPUT THE ELEHENT TENPERAT

TPElP • • • EXPONENTIAL CONPONENT 1lF HEAT FLUX PARANETER
TPFACT. • • CONSTANT SCAUNS FACTOR FOR HEAT FLUI PARANET

INITIALIZE CDlItTl!lli PARAMETER

! DUTPUT:

! INPUT VARIABLES:

CREATE BOAT Fa, I, 8B
CREATE BOAT FI$I'a',5011,BI12
CREATE BDAT F!$I'b',50INeol,8INrol
8OTO 12
OFF ERROR
ON ERROR SDT~ 69
PURSE Fl$

PURSE FlU','
OFF ERROR
MSS STORAGE IS ',HP82901,100,I'
SOTO 61
OFF ERROR
ASSISN @Path TO FlU','
ASSISN PPathl TO FlWb'

61
62
63
64
65
6b
67
6B
69
70
71
12
73
74
75
76 CALL HtbeaIIY,Deo,Shl
71 IF NprDb(Np 1 THEH 42
78 !
79 OUTPUT 1 USING 'III/II/II'
80 OUTPUT I; 'P R 0 8R AHIS FIN ISH E D NIT HIT'S C0
NP LET E RUN'
81 HASS STORASE IS ':HPB2'IOl,100,O'
B2 STOP
B3 END
B4 SUB Htbe.. IY,Den,SlIl
85 COM IDilsl D"Dy,Z,Cpdv,Angle,PPath,PPathl,Tpf,et,Tpexp
B6 CON ITelpl Tp.ebl(II,Tp••b2(ll,Tpeon(II,Tpin(11
Bl CON l1..p21 Tpell,TpeI2,Tpine,Tplll,Tpflaq,Tprl
8B CDN !Ti1.1 Tline, T.incl, Tolll, Tllill,TlpD
B9 CON IDisel Nro>,NrOll,NroI2,Neol,Ncoll,Hco12
90 CON ID,tal Hprob,Nrolv,Neltp,Nro.tp,ltpeI,Jtpel,ltpend
91 I

92 ~ SUSROUTlHE HTBEAN:
93 ! SUBROUTINE HILL CONTROL ALL SUBROUTINE ITERWONS FO
R THE GIVEN PARANETERS
94
95
96
91
9B
99
100
101
102
103
104
ORE DISTRIBUTIONS
105
106
ER
101
lOB
109
110
111
112
Il3 ! HTDATAI •• PARANETERS FOR DISCRETJZlN6 THE SYSTEN
114 ! HTDATAIa. • TENPERATURE DISTRI8I/11ONS AT USER SPECIFIED L
OCATIONS IH THE PROBm
115 ! HTDATAlb•• TEHPEATURE DISTRIBUTION FOR ALL ELEllENTS IN T
HE SYSTEN
116
Il1
lIS

I D~1A SET FOR PROBLEM 1

! HUKaER OF PROBLEMS

! DAT~ SET FOR PROBLH 3

DATA 1,3,

OATA 5.9,.375
DATA 20,12,7,82.0
DATA 0.5,30.0,000.0
DATA 77.0,1000.0,100.0,1250. O,O.B
DATA 4B9.0,0. ms

DATA 5.9,.375
DATA 20,12,1,45.0
DATA 0.5,30.0,6(10.0
DATA 77.0,100('0,100.0,1250.0,0.B
DATA 4B9.0,0.1275

!
I DATA SET FOR PROBLEM 2

OPTIO/, 8m I
CQI'I lDi IS,' D~, trr, Z, Cpd'" ,Angle, ~PaU, I ~F'athl, Tphd, Tpexp
COM 11el~' TpleU (42, n, Tpleb2 142,221, Tpeon (42,221, Tpin 142,22i
COH l1e.;2/ Tp,11,T.e12, Tpine, Tpli t, Tpflag, Tprl
COH moe Tlinc,T.inc1,TlllO,TlliIJ,Tlpo
COH IDlSe' H,ol,Hroll,liro.2,Ncol,Neoll,NeoI2
COH 10, ta" Hprot, H'OI', He I tp, Hroltp, ltpel ,Jtpel, Hrend

I

DATA 5.9,.375
DATA 20,15 1 9,45.0
DATA .5,5.0,60".0
DATA 71.0,125.0,100.0, 1200.0,0.B

35 DATA 4B9.0,0.1275
36 !
37 ! DOH E ~ T T R ~ NSF E R FOR E AC H CAS E
3g !
39 READ Hp, Hp I
40 I

41 Np,ob=Np-l
42 Np,ob=Hprob+l
43 !
44 ! READ IN DATA FROH ABOVE
45
46 READ Y,Z
47 READ NeDl,MrOl,Hrolv,Angle
4B READ Tline,Tlpo, Tllil
49 READ Tprl, Tplil, Tpine, Tpfaet,Tpexp
50 READ Den,SlI
51 !
52 ! DISPlAY IIlZCH PRllBLEN IS IN PROGRESS
53 I

54 OUTPUT 1;' PRO BLEN NUN I E R "jNprob-lqi+lj' I SIN
PROSRESS'

55 !
56 ! KEEP ALL FILES 1M TAPE IH PORT °UNLESS FULL
57 '
58 NASS STORASE IS ',HPB2901,700,O'
59 Fa='HTnAT~'lVALt(Nprob)

60 ON ERROR 8OTO 65

6
7
8
9
10
II
12
13
14
15
16
17
IB
19
20
21
22
23
24
25
26
21

--l.
2BN
29CO
30
31
32
33
34



, SET HEAT INPUT TO IERO

CHANSES TI£ HEATED mmT AS REQUIRED ANI lIHILE HEA

SUBROUTINE NILL GOVERN THE OJJTI'UT OF TEIfEf:AmRE DIS

! SUBROUTINE Tm_READ:
NILL CHEer THE HEATED ELEIlEIC FOR EXCEED INS THE mp

! TEST FOR OUTPUTOF TE"PERATURES

! HEATED ELEHENT EXCEEDED'TPLI"'

! FIND ANDTHER ELEHENT TO HEAT

IF Up.I=Upend AND Jtpel=2 THEN
Itp.I=1
Jtp.I=]

FOR 1=1 TO .coI2
FOR J=I TO Nrow2
Tpinll,JI=O.
"ElT J
NElT I
Tpllag=1
SUBEIIT

ELSE

N.ltp=liEltp+1
Tpllag=1

END IF

NrowvI =Nroo.-l2Il INT INro•• '2») 1
IF Nrooy]=O THEN Itpend=2
IF NroNYI=1 THEN Upend=lIro",+l

!

Nrootp=1
Ne!tp=O
Tlind=O.
Talial=O,
Tp.ll=Tprl,

Tp.12=Tp••b! \Itpd, Jtp.1 I
IF ITp.12-Tpelll>=Tpinc THEN Tpllag=!
IF Tpflag=1 THEN Tpell=TpEl1+Tpinc
IF Tp.12<Tp]il THEN SUBEXIT,

FOR 1=1 TO Ncol2
FOR J=I TO N,002
R= 1Ill- Itp.l 110, IA2+ I IJ-Jtp.IIIDy)A2)A.5
Tpinil,Jl=TpfactlEXP!!-I1 ITpeKplRl ID,IOy
TpM.bIII,JI=Iprl
NElT J
NElT I
SUBENO

SUB TelF-add
CO~ IOil51 D1.,Dy,I,Cpdy,Angle,@l'ath,@l'athl,Tpfact,Tpe,p
CO~ IT.lpl Tpo.bllll,TpM.b2111,Tpcon(lJ,Tpinlll
CON IT.lp2! Ip.l1, Tp.12, Tpinc, Tplil, Tpllag, Tp,"
CON /Ti1.1 llinc, Tllnt1, Tllll, Tllial, Tlpo
CO~ 10isci .'.0,NroMI,Nrow2,Ncol,Ncoll,NcoI2
C~ IDatal Np,ob, Nroo, ,Ne! tp,Nrootp, Itp.], Jtpe] J Itpend,

IBI
IB2
IBl
IB4
lB5
lBb
lB7
lBB
IB9
190
191
192
193
194
195
19b
197
19B
199
200
201
202
203
204
205
20b
207
20B
ERATURE LIm
209
T IS BElNS INPUT
210
TRIBUTIONS
211
212
213
214
215
216
217
21B
219
220
221
222
223
224
225
22b
227
22B
229
230
231
232
233
234
235
23b
237
23B
239
240

! "ATERIAL PROPERTIES
!

Cp=D.nISh/l72B.O
CpdY=O, lOyIZICpl3bOO. OfTli nc,

Up.I=2
Jtp.I=NrowY+I

! INITIAlIZE PARAHETERS

Oy=Y/Nro.
DES
O,=OyITAN IAngI.12l
I=D,INcol
Nrolill=NroMtl
NroM2=Nrow+2
"coIl=Ncol +I
NcoI2=Ncol +2

Ntltp=O.

~
--_.

Heproduced 'from
_!::'::!.~Ivailabl'~cop_y_,__

IF Tpflag>=1 THEN CALL Telp_prinINtltp)
IF Tpflag>=2 THEN 149,

, OUTPUT DATA IF REQUIRED

DISCRETI1E INTO ELEHENTS

! SUBROUTINE HTBEAN:
DISCRETI IE THE SYSTEN INTO ROIlS AND COLU~NS

Tllill =TII ill+Tlinc
lmine! =Tli nc I+111 nc

! INCmENT FOR ANOTHER LOAD STEP

! INCRmNT COUNTERS FOR THIS STEP

! OBTAIN THE DATA TO DISCRETlIE THE SYSTE~

!BESIN TEHERATURE CALCULATIONS

Tpflag=O
IF UpelOI AND Jtp.IOI THEN CALL TelLadd

CALL T.IPJeadIY,D.n,Shl,

CALL Teap_con
CALL Telp_..bI2,2,O.,1.01
CALL T.lp_o.bINrool,NroKl,l.O,O.1
CALL T..p_o.b(3,Nroo,I.0,1.01
CALL T.lp_chng,

60TO 127
SUBEND

SUB TelPJeadlY,Den,Shl
C~ IDi 151 Dx ,Dy, I ,Cpdv, Angle,~p,th, PPath 1, Tpfact, Tp.,p
CON 1T,"pl Tpo.bllll, TpoebZII)! Tpcenll:, Tpinlll
CON IT..p21 Tp.ll, Tp.I2, Tpi nc, Tplil, Tpf lag, Tprl
CON ITiI.1 Tlinc, Tlincl, T.l ii, Ttlill, Tlpo
CDI1 IDiscl Nroill,NrOitl,Hrow2,Nc:ol,Ncol1,Nco12
CO~ IDatal Nprob,Nroo, ,N.I tp,Nrootp, Up,l, Jtp.l, Up.nd,

138
139
140
141
142
143
144
145
14b
147
145
149
150
151
152
153
154
155
m
157
15B
159
IbO
1bl
1bZ
1b3
1b4
Ib5
I.b
1.7
I.B
1.9
170
171
172
173
174
175
I7b
177
178
179
IBO

111
I~

121
122
In
I~

1­~
lU
127
UB
I~

rn
131
ill
m
1~

1~

lU
D7

.......,
N
\..0



ALSO HILL SOVERN HHEN TEHPERATURES HILL BE STORED

TPNEB it; • NEN TEHPERATVRE OF THE .ElEMENTS

CONDITION FOR OUTPUTIM6 TEMPERATU

I SUBROUTI NE TEll'_CHN3:
HILL CllANSE THE TEMPERATURE OF THE ELEMENTS FRO~ !PH

! CONDITIONS fOR ENDIN6 PRU6RA"

IF Tlin,mlpo THEIl Tpflag=1
!

FOR J=2 TO Nrowl
Tpw,bl (I, J I=Tp••b212, J)
Tp"blIN,oI2,J}=2ITpMSb2Ukoll,J}-Tp••b2IN,oI,J}
NElT J
Tplax=Tprl
FOR 1=2 TO N'oIl
FDR J=2 TD Nrool
Tp.eblll,JI=Tp.eb211,1)
IF Tp••bl (I,J))Tpw TlEN Tpux=lp"bHl,JI
NEXT J
NEXT I
IF ltpelOl AND JtpelOl TI£N StlBEXIT,

IF Tpux(200. THEN Tpflag=2
IF TllilD=lllil THEli Tpfl.g=2
SUBEND

SUB lelpyinlNhtpl

H.=O.
FOR 1=1 TO N'ol1
FOR J=ly TO Jy
Ip=l-I
10=1+1
Jp=J-1
JI=J+l
Cl=.5IlTp,on (lp, JI+Tp,oo II,J 1II1IDy/Dx
C2=. 5llTp,on III,Jl+Tp,on (I,J11111DylOx
C3=Cn31. 5t lTp,on (I ,'pl +Tp,oo( I,J) )llIDx/Dy
C4=Cn~l. 5llTp,on (1,.11.Tp,on II ,JI )IlIDx IDy
IF Itpel01 AND Itp<IOl THEN 319
HI2=. 581A8S ITpoebll I, JII12.0/Dy)' .25
H3=11. Q-Cn31 lABS lTpoebl (I, JI 112.O/Z) A•25
H4=(1.0-Cn~)IABSlTp ..bl II,JII12.0III A.25
H.=I IH121Dx IDy) +IIH3+H~JfllDx) 1/144.0
Tp.I= (CIlTp.eb Il1p,.) )+ IC2ITp.ebI111, J) )
lp.2=1C3lTp.,bl n,Jp) }'(C4ITp""bl (I ,Jill
Tp.'= ICpdv- (CI +C2+C3+C4+H.I) Upo,bl (I,J)
Tp.,b2 iI, ,1)= I(Tpwl +Tp.2+Ip.3) +IHwlTpfl} Hpi nil, J) ) ICpdv
HElT J
NElT I
SUBEND

SU8 T••p_,hng
CON IDils! Dx ,Dy, I, Cj;d·, ,Anql',fPath,@Pathl,Tpfa,t, Tpexp
COM nalpl Tpoebi (I), Tpoeb211), Tp'.. II), Tpin III
COM ITalp21 Tpell,TpeI2,Tpin',Tplil,Tpflag,Tpfl
COM /Ti1,1 Tlin" Tli"l, Tllil, Tllill, Tlpo
COM IDise! Nrow,Nrool,Nro.2,N,0I,N,01l,N,012
COM IDatal Nprob, N,c.. ' ,Nel tp ,Hrowtp,ltpel,Jtpel, ltpend

I

301
302
303
30~

305
306
307
308
309
310
311
312
313
31~

315
316
317
31B
m
320
321
322
323
324
325
326
m
328
329
330
331
332
333
334
335
EBW! TO TPHEB111}
336
337
33B
339
3~0

3H
342
343
34~

345
346
347
348
3~9

350
351
RES

352
353
35~

355
356
357
358
359
360

TPHEBlll) • CURENT mPERATURE OF THE ElEMef:S

TPCONIIJ. • THERMAL CONDUCTIVITY FOR EACll EWlfHT.

UPDATED VARIABLES:

I SUBROUTIHE TEMP IlEB:
PERFORN THE FORHARD DIFFERENCE EQUATllJllS FOR THE SOL

! INPUT VARIABLES

'CHANGE HEAT I·HUT PATTERN

! OUTPUT VARIABLES:

! SUBROUTINE TEMP_CON:
NILL ASSI6N THE THERM!ll. CONDUC1ION PAR,!,£TERS TO EAC

rtpel =ltpe) +NroNtp
IF rtpel=1 THEN ItpeI=2
K=O
FOR L=1 TO Nroov
K=K+L
IF K=Neltp THEN Jtp,J=Jtpel-1
IF K=Neltp THEN Nrowtp= 1-1} INroNtp
NElT L
Tpell=Tp.ebl (Jtp,l ,Jtp,J)

I

FOR 1=1 TO Noo12
FOR J=2 TO NroM!
Rx=11HtpellIDx}A2
Ry= IIJ-JtpeIllDyl '2
R=lRx+RyIA.5
Tpin II, JI =Tpfa,UElPll-1 IITpazplRlllhlDy
NElT J
NEITI
60TO 214
SUBEND

SUB Telp_,on
COM 10i.sl Dx,Dy,I,Cpdv,Angla,@Path,$Pathl,Tpfa't,Tpaxp
COM ITnpl Tpwebllll, Tp.eb211l, Tp,onlt), Tpin!l!
COM ITe.p21 Tpell, Tpel2, Tpin" Tpl ii, Tpflag, Tprl
COM ITioel Tlin" Tlin,l,lilil, Tilill, Tlpo
COPl IDiscl NrQw,NroN1,Nro..2,Ncol,~coll,Nco12
COM 10atai Nprob, Nro.y, Neltp, Nrootp, Itpel ,Jtpel, ltpend

I

FOR 1=1 TO N'012
FOR J=1 TO Nro.2
Tp,on 1I ,J}= 129.018-1. 0074ITp.eblll, J I)) 112. 0
NEIT J
NEXT I
aUBENO

SUB Telp_oeblly,Jy,Cn3,Cn~)

COM 10ilsi Dx,Dy,I,Cpdv,Aogle,@Path,@Pathl,Tpfa,t,Tpazp
COM ITupl Tpoebllll, Tp.eb211}, Tp,ooll), Tpin II)
COM ITelp21 Tpell, Tpe12, Tpin" Tplil, Tpflag, Tprl
COM ITi..1 Tlin" Tlin'l, Tllil, Tllill, Topo
CIltI IDiscl Nrow,Nrowl,Hro.2,N,0I,N,011,N,012
CON IDatal Nprob,Nro.v,Neltp,Nrootp,Itp.I,Jtpel, Itpend,

245

2~1

242
243
244

246
247
24B
249
250
251
252
253
25~

255
25b
257
25B
m
260
261
262
263
264
265
266
267
26B
269
270
271
272
H ELEMENT
m
274
275
276
277
27B
m
280
281
282
283
28~

285
286
287
288
289
290
291
292
293
294
295
296
297
unON
298
299
300

......
w'
o



45 DESBEES 60 DESREES

I SUBROUTINE TENP PRIN:
DUTPUT TIlE TEIlPERATURE DISTRIBUTIONS FOR TIlE SYSTEft

CD~ INlsl Dx, Dy,I, Cpdv, Angl., Pf'.th, ",.thl, Tpfaet, Tpexp
CO~ ITeopl Tpo.bllll,Tpo.b2t1l,Tpconlll,lpinlll
CO~ ITElp21 Tp.lI, Tp.J2, Tpinc, Tplil, Tpflag, Tprl
CO~ ITil.1 Tlinc, Tlinel, Tllil, Tllill, Tlpo
COft IDiscl llroo,Nrool,Nro02,Ncol,Ncoll,NcoI2
C~ IDatal Nprob, Hroov ,N.ltp,Nrootp, Itp.l, Jtp.I,ltp.nd
ALLIJU,TE REAL THO:11l,TU:Ncol,I:Nrool

I

I 2 , 8 I
(5 J ·B }
I 4 , 6 I
I 7 , 6 J
I 13 , 6 )
I 17 , 6 )
( 4 , 41
( I , 4 I
I 13 , 4 )
\ 17 , 4 J
( IB , 4 I

IS, 7 )
\ 9 , 7 )

I 13 , 7 I
I 17 , 7 I
( 7 , S )

( 11 , 5 I
I 15 , S I
I 19 , 5 )
I 9 , 3 I

\ 13 , 3 I
I 17 , 3 )

Tliocl=O.
Nhtp=Nhtp+1
TI IOI=Tllill
IF "prob=3 THEN 38S
TlI1l=Tp••b215,71
11 (2)=Tpo.b219, 7)
TI 131=Tp..b2113, 71
TIl41 =Tpo.b2I17, 7)
TlI5)=Tpo.b217,SJ
TlIbl=Tp••b2111,SI
TlI7l=lpo.b21IS,SI
Tl IS) =Tpo.b2tl9, 51
TlI91=Tpo,b219,31
TlOQI=Tpo.b2tl3,31
Tl (11) =Tpo.b2 (J7 ,31
SOTO 399
Tl (1}=Tpo'b212,81
TlI21=Tpo.b2IS, BI
Tl 131 =Tp••b214,o)
TlI4 I=Tpo.b217, 61
TlI5)=Tpo.b2I13,6!
Tll61 =Tpo.b2117, 6J
Tl \1l=lp••b214,4J
TllSi =Tp••b219, 4)
TIll} =Tp••b2113, 41
TllIO! =Tpo.b2<17,4)
TlI111 =Tpo.b21 18,41
OUTPUT fP.th;TlIII
FOR 1=2 TO Neall
FOR J=2 TO /tool
TlH,HI=Tpo.b211,J)
NElT J
NElT I
OUTPUT PPathl;Tlll
OEALLOCIITE TWI,HI)
IF TpHag02 THEN SUBEm
ASSIIiII tPath TO I
ASSI611 tp.thl TO I
ASSIIiII tPith TO 'HTOATA"YAlHNprob)
Y=Hr...IDy
OUTPUT Pf'ath; y, Z,Ncol ,Nroo, NrllllV,Angl., Tpfact, Tp.xp, Tplil,Ntltp, Tprl
ASSIGN tPath TO I
SUBW

361
362
363
364
365
366
367
36B
369
370
371
372
m
m
m
376
371
37B
379
380
381
382
383
384
385
386
387
3B8
389
390
391
392
393
394
m
39b
397
39B
399
400
401
402
403
404
405
406
407
408
409
410
41l
412
m
414

zj......



APPENDIX B

FINITE ELEMENT COMPUTER PROGRAM
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B8111. •••• TRANSFORl\lTIOH HATRIX FOR EACH SANPLlt4S POINT

OWl ••••• TEHPERAT~ IHCRmNT FROII THE PREVIOUS LOAD STEP
TO THE ClIP.llENT STEP FOR EACH ELEHENT

Dill ••••• STRESS-SIDIN RELATIIlfj HATRIX
oFOR TI£ ELASTIC CASE
I FOR THE PLASTIC CASE

DX •••••• DIHENSION OF ELEHENT IN X-DIRECTION
OY •••••• DINENSION OF ELEHENT IN Y-DIRECTION
OZ •••••• DIHENSIQH OF ELEHENT IN Z-DIRECTION

lDEllI •••• ELENENT IDEmFlCATION ARRAY;
HAPPlN6 ELENENTS TO EACH OF ITS FOUR NOOES

JYIELDIII ••• YIELD SURFACE RADIUS OF THE PREVIOUS LIIAD STEP

STRII) •••• STRESS ~ STRAIN ARRAY FRON PREVlIlUS CALCULATIONS

tH Ill. • • • • LOCATION HATRIl ;
NAPPIN6 ELEHENT DOFS TO 6I.OBAL DEGREES OF FREEOON

UTW••••• TOTAL DISPLACEHENT ARRAY FOR EACH DE6REE OF FREEDOM

F211J ••••• STORES THE INTERNAL FORCE VECTOR FOR SUBROUTINE 'STRESSK'

UNtil •••• NODAL IOENTIFICATION ARRAY;
HAPPIN6 THE NODES TO THE CORRESPONDINS OOFS:
HOF IS ASSUIlED TO SE I HISI£R THAN THE HOF

FTH(l) ••• , TOTAL THERML tOAD VECTOR FOR EACH LOAD STEP

HHIII••••• SHAPE FUNCTION FOR EACH SMPLINS PDINT

FTIII. •••• TOTAL FORCE VECTOR USED TO SOLVE THE SIHULTANEOUS EQUATIONS

FEllI ••••• TOTAL FORCE VECTOR USED FOR ENERSY tAlCULATIONS61 !
62!
63'
64!
65!
66!
67!
6S!
69!
70'
71 !
72!
73!
14'
75!
76!
77!
78'
79!
80'
8t! TENP(II •••• CURRENT TEHPERATURE OF EACH RENENT
82'
83' PLASHI) ••• ELASTIC/PLASTIC CONOITION OF £LENENT
84!
85'
86!
87! 1Yl1 I. • • • • X ~ Y 6LOBAL LOCATION FOR EACH NODE
8B'
89! TENPORARY ARRAYS:
90!
91 '
92'
93! K611I ••••• 6L08AL STIFFNESS ARRAY
94!
95!
96!
97! Ttl I ••••• ARRAY FOR OBTAINING TEHPERATURE DATA
98 !
99' U21l1••••• THE INCREHENTAL DISPLAWINTS THROU6H SUBROUTlNE 'STRESSK'
100!
101 !FJLES:
t02!
103! HTDATAI. •• STORA6E FOR DISCRETIZATION PARAHETEIlS FOR SYSTEH
t04!
lW HTDATAlb ••• STORA6E FOR ALl ELENEHT TEIlPERATURE DATA
IW
107! K6 •••••• STORA6E FOR PREVIOUS 6LOBAl STIFFNESS
108!
I09! STRESS •••• STORAGE FOR PREVIOUS STRESS l STRAIIIS
1I0!
III! nEllPl •••• 110 PATH TO RECOVER TEHPERATURE DATA FROH FILE 'HTDATAlb'

Hi •••••• HAXlHUN WD NIDTH
HE • • • • • • TOTAL NUI"-"ER OF ELEHENTS
NEg•••••• TOTAL HU!w.R OF EgUATIONS
NN • • • • • • TOTAL HIJIl$ER OF NODES

HSCl ••••• APPLIED It)HENT IN LB-INCHES ICOHPRESSION ON BOTTOH I+)vel
PSCL ••••• APPLIED ~:IRL LOAO IN LBS (TENSION 1+lvel
VSCL ••••• APPLIED SHEAR LOAD IN LBS (COUNTER-CLOCKWISE SHEAR I+)vel

RATIO••••• RAno Of \JlE PL~snc TAN6m NODULUS TO THE ELASTIC NODULUS
PRO•••••• PDISSON'S RATIO FOR AN ELASTIC ELEHENT
PRI •••••• POISSON'S RATIO FOR A PLASTIC ELEHENT
YH •••••• YOUNS'S IIJDULUS OF AN ELEHENT AT AHBIENT IROOH) TEHPERATURE
YS •••••• YIELD STRESS OF AN ELEHENT AT AHBIENT IROOH) TEHPERATURE

IFLA6••••• INDICAm NHEN PR06RAH IS IN ITERATION SUBROUTINE
ISTR ••••• COUNTER FilR THE ITERATION SETIlEEN LOAO STEPS
KTYPE. • • • • STIFFNESS TYPE
HTHSTR • • • • NUHBER OF LOAD STEPS REQUIRED BY THE PRDBLEH
HSTR • • • • • NUHBER OF STEPS COHPLETED BY PR06RAH
STYPE. • • • • SOLUTI ON TYPE
PRINT••••• PRINTOUT TYPE

PR06RAH 'FINITE' NAS WPiTTEN TO CALCULATE THE PLASTIC STRESSES AND STRAIN
OF A THER~.LLY LOADEO S·STEN. THE TEHPERATURE OISTRIBUTION HUST ALREADY
EXIST. mE PROSRAH NAE WRITTEN IN BASIC TO EXECUTE ON THE 'HP 9816'
SERIES 20( PERSONAL COIf·mR.

1 ! PR06RA" 'F j NIT E"
2 !
3 '
4 !
5 !
6 !
7 !
8' PR06RAHHED BY: STEPliE.1i P. SCHNEIDER
9' DATE : 5/30f~

W
11'
12' CONTROL PARMETERS:
13!
14'
15!
16!
17!
18'
11!
20'
21 !
22' HATERIAL PRoPERTIES:
23'
24!
25'
26'
27'
28'
29'
3D' LOADIN6 PARAJlETERS,
31 !
32!
33!
W
35!
36! DISCRETIZATION:
37!
38'
39!
40'
41 !
42!
43'
H!
45'
46!
4]' HX.. • NUHBER OF EL£HENTS IN X-DIRECTION
48' flY.. • NUHiER Of ELEHENTS IN Y-DIRECTION
49!
50! PERHANENT ARRAYS:
51'
5"'L.

53!
54!
55!
56!
57!
58!
59!
60!

....u
W
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CO" o',oy,Dz,fl',Ny,Nn,Hb,Ne,heq 61 NElT J
CO" 19k11 Bb 10: 4, I: 3,1 :BI ,HtiO:4, I: 4I ,OW: 1,1: 3, 1: 3), NtlO:4 I 62 !
CON IB,21 Ktype,Stype,Ifl;g,lstr,Enrgyl,Enrgy2 63 ASSIGN ~P TO I

4 CON IB,3/ V5, VI,R;tio,PrO,Prl 64 ASSIGN ~p TO 'STAESS:HPB2901,700,O'

5 CON IBk4/ N5tr ,Psel, Vscl, "sci 65 OUTPUT ~P;Str III

6 PRINTER IS 701 b6 ASSIGN ~P TO I

7 PRiNT CHR$(271l'mS' 67 DEALLOCATE Strlll
B 6B ,
9 ! READ IN: SOlUTl 011 TrPE ISTVPEI 69 ! INITlAll2E VARIABlES
10 ! STIFfNESS "TYPE ImPEl 70 I

11 ! PRINTOUT TYPE IPRINTI 71 fOR I=0 TO Neq
12 I 72 fthlll=O
13 ! STYPE= I ADD CORRECTlOII Of LOADS ON NElT STEP 73 ftlll=O
14 2 mRATE UNTIL C(lRf(ECTlOH BECOIES NEGLIGABli 74 Ut(l)=O
15 ! 75 NEIT I
16 ! mPE= 0 COHSTANT STIffNESS THROU6HoUT SOLUTIoH 76 !

17 I CHANGE STIFfNESS AT EVERV LOAGSTEP 77 fOR 1=1 TO He
lB ! 2 CHANGE STIFFNESS AT EVERV ITERATIOH sm 7B Teljllll=Tprl
19 ! 79 Jyield II I=IVsIVs) /3
20 I PRINT= °DO HOT PRIXT OUTPUT FOR EVERY LOADSTEP SO fOR J=I TO 2
21 I I PRINT OUTPUT FOR EVERV LOAD STEP BI PIa5t1J,ll=0
22 ! B2 NEXTJ
23 DATA 2,0,0 B3 NElT 1
24 READ Stype,Ktype,Print B4 !
25 ! B5 ! INlTIAlIlE PARAIlETERS FOR FIRST ITERATIOH

W 26 ! SPECIFY MTERIAL PROOERTlES (USUALLY THE SANE FOR EAt-. CASEI 86 !
...,. 27 ! B7 N5tr=1

2B DATA 30000000.0,0.01,36000.0, O. 3,0. 5 B9 15tr=1
29 READ YI,R;tio,Ys,PrO,Prl 89 lfIag=O
30 ! 90 Enrgyl=O
31 ! CALL SU9ROUTINE TO OBTm DISCRETlIATIOli OF DATA 91 Enrgy2=O
32 ! 92 I

33 CALL Dahl (Tprl,Ntlstr,@Telpl) 93 CALL DI;tri,

34 ! 94 CALL Blatri,llylll,ldellll

35 ! ALLOCATE STORA6E ACCOI<DiN6 TO PARAMETERS 95 CALL KlatrixlKlllll

36 ! 96 Kchng=O
37 ALLOCATE IHTE6ER Ide I1:4, l:!if) ,Idn (I: 2,1 :Nn) ,Llll: B,I :Hel ,Ph5t (I: 2, 97 !

I:Nei 9B ! EICHAH6E PERKANANT LOAD VECTOR TO TOTAL LOAO VECTOR

38 AlLOCATE REAL lyll:2, I:Nlll ,Jyieldll:Nel,Teop (I:NeI,Dt (1:Ne: 99 !
39 DfN KIIO:l,I:B,I:B) 100 CALL Dah41T'ljlfll,Dtlll,~Tellpl)

40 ! 101 CAll Therll IFlh III, TeIjI IIi, Dt (II, Ide Ill, Idn Ill, Plastllll

41 ! 6EHERATE DATA INTO oISCTETE ELEIlEHTS 102 CALL FI;tri,IFlllI,ldn(l})

~2 ! 103 !

43 CALL D,ta21ly (I) ,Ide (I) ,Idn II), LI(II I 10~ , ADJUST YIELD VALUE FOR THE NEN TENPERATURE

44 CALL D;h3lPrintJ 105 !

45 ! 106 AllOCATE REAL Strl1:Ne,1:bl,FpIO:Neql
46 ! DlllENSIIlM FORCE, DISflACEIl£NT AND STRESS-STRAIN ARRAYS 107 ASSI6N @P TO I
47 ! lOB ASSI6N @P 10 'STRESS:HP82901, 700,0'
4B AlLOCATE REAl FllO:Neql ,Ft IO,lIeq) ,FthfO:NeqJ, FeIO:Heql,Ut 10:HeqI, Str 109 ENTER @PjStrlll
(I:N.,1:61 110 ASSI6N ~P TO •
49 ! 111 !
50 ! IHITIAlIZE l STORE STRESSES 112 FOR lell=1 TO Ne
51 ! Il3 Tl=Tellplielo)
52 ON ERROR 60TO 54 114 TO=Tl-Ot lIel.1
53 PURGE 'STRESS,HPB2901,700,O' 115 CALL YieldITO,ROI
54 OFF ERROR 116 CAlL YieldlTl,RlI
55 CREATE BDAT 'STRESS:HPB2901,700,O' ,He,4B 117 R2= IRIIRlIl (ROIROI
56 ! llB Jyield Ilehl=R2IJyield (Iehl
57 FOR 1=1 TO Ne 119 !
5B FOR J=1 TO 6 120 ! CORRECT THE YIELD STRESS FOR THE PLASTIC ElEMENTS
59 Strll,Jl=O. I Reproduced fromI' N'n J

best ava,'ilable copy.
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, FIND TOTAL LOAD VECTOR

! LOAD ONTO CORRECTION FORCE VECTOR

! ASSElIBLE RND IIMRT THE STIFFNESS HATRll

, RE-STORE THE STRESSES REDUCED FOR THIS STEP

ISTR•••• NUNBER OF ITERATIDNS FOR THIS LOAD STEP

IFLAG ••• USED TC INDICATE THAT THE PROSRAN IS IN THE

! SET TENPERATURE VALLIfS MC;: TO ROON IAIIBIENTi TENPERATURE

! UPDRTED VARIABLE,

! INDICATE THAT THE PROSRAll IS IN ITERATION SUBROUTINE

! CHECK EHERGY CRITERION FOR C1JNYERGENCE

Nslr=ltslr+!
IF Nstr(=Ntostr THEN 100

HI.g=1,

FOIl 1=1 TO Neq
Ft lIJ=FI (I)-FtlIl
Fe (I) =Ft (I)
NElT I

lBI
lB2
lB3
lB4
185
18b FOR 1=1 TO Ne
1B7 IltIll=Tprl-Tolplll
lBB Telplll=Tprl
IB9 HElT 1
190 Nscl=O
191 Pscl=O
192 Vscl=O
193 Nstr=O
194 SOTo 101
195 IF PrintOI THEN CALL OalaouUUt!lI,ldnlll,Plastlll)
19b STOP
197 END
19B SUB 1t0ratelFI III ,Ft III, FoIl) ,UtIl) ,KIIIl,ly Ill, Teop Ill, DtllI ,Jyi el dill,
INTEGER Ide (lJ ,Idr. II), LIII), Plast II»
199 COI1 D"Dy,O',Nx,Ny,Hn,HIl,He,Neq
200 COM IBH/.Bb(IJ,Hhlll,DII),WUlI
201 COM IBl21 Ktype,Stypo,lflag,lstr,Enrgyl,Enrgy2
202 C1JK lir31 Ys, Y.,R.tio,PrO,Prl
203 CON lilll Nstr,Ps,Ys,Ns
204 !
205 ' SUBROUTINE ITERATE :
206 ITERATES THE IYJT-OF-BALANCE LOAD VECTOR UNTIL NlTHI
NTHE TOLERABLE LIm
207 THE FIRST IS FOR THE INCREIIENTAL ENERGY TO BE LESS
THAN THE INITIAL FOP. THIS STEP IENRSYll
20B THE SEC1JN]) IS FOP. THE INCmENTAL ENERGY TO BE LESS

THRN THE RUNNINS TOTAL IENRGY21
209
210
211
212

ITERATION ROUTINE
213
214
215
216
217
218
219
220
222 IF ASSIFoIOII(=ABSI.OOllEnrgyll THEN Etypo<1
223 IF ABSIFeIOIl(=ABSI.OOUEnrgyll THEN 251
224 IF ASSIFeIOIl(=ABSI.OOOOOOOOllEnrgy21 THEN Etype:2
225 IF ABSIFeIOIl(=ABSl.OOOOOOOOUEnrgy2l THEN 251
226 Fel=F.W) IEnr9y1
227 Fo2=Fe101lEnrgy2
228 DISP 'INCREI1£NTAL ENERSY ,'jOROUNIHFel,5J;' ; TDTAL EIIERSY ,';DROUND
(Fe2,5li' FOR ITERATION: ';Istr
229 !
230 ! FINO HEN CORRECTION FORCE VECTOR
231
232
233
234
235
no

, CALCULATE THE STRESSES AND STRA11lS FOR THIS LORDSTEP

! FIND EOUIVALENT FORCES ON THE aENENTS,

FOR 1=1 TO Neq
Ft III =Fl (J) +Fp IlI-Ft (J J-Fth (J 1
Felli =Ft III +Fth III
NEXT I
D£ALLOCATE Sir II) ,Fplll,

IF PlasU2,loll)=0 THEN 144
FOR 1=1 TO 3
S111= 11-SORIR21 llStr (Jell, II
Str 0011, I) =SOR IR211Str (JOII, 1)
NEXT I

ALLOCATE RERL Kg II, Neq, 1, Nb I
IF Kchng=O THEN CRLL AsselbklKglll,Klll),Telplll,LII11,PlasUIII

CALL InvorUKg(II,Ftlll,Kchng)
DERLLOCATE Kg (I)

ASSIGN !P TO I
ASSIGN !P TO 'STRESS:HP82901,700,O'
OUTPUT !Pj Str III
ASSIGIi !P TO I

FOR 1=1 TO B
Plll=O.
FOR J=1 TO 3
PO I=P III+Bb (O,J ,1)IS1Jl INI 101
NEXT J
HEIT I

FOR 1=1 TO 4
Node=ld.O, Iel11
Fp Odn II, Nede) I=Fp OdnO, Nodol I+P 1211-11
Fp (Jdn 12,Nodol J=Fp IIdn 12, Node I l+PI2IJ I
NEXT I
HElT loll

121
122
123
124
125
12b
127
128
129
130
131
132
133
134
135
13b
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
15b
157
158
159
IbO
Ibl
lb2
lb3
lb4
Ib5
166
Ib7
IbB
lb9
170 CALL StrossklFt Ill, FeUl, ut III ,Iyll), TOIllUl, Dt III ,Jyiold 1II,Ide (II ,

Idn III ,Lilli,Plast 1111
171 ~

172 ' ITERATE THE SOLUTIIJIj IF REllUIRED
173 !
174 IF Stype=2 THEN CALL lterateIFlIll,Ftlll,Felll,UlIIJ,KlIll,ly(l),Tel
pill, Dt 111,Jyi.I dII) , Idolll,Idn Ill, LillI ,PI ast (II J
175 IF Print=1 THEN CALL DalaouUUUI1,Idnlll,PlasUlll
176 IlUTPUT li'CONPLETED 'iNstrj' DF 'jNtostr+lj' LOAD STEPS'
177 OUTPUT Ii' ,
178 Kchng=!
179 IF KtypeJO THEN Kchng=O
IBO IF Nstr=O THEN 195

W
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271
272 ! HE. • • • • TOTAL NU"BER OF ELE"ENTS OF THE SYSTEN
273 I NN••••• iOTAL llUNBER OF NODES FOR THE SYSTEll
m NIl••• , • TOiAL BAHllNIDTH OF THE sysm
275 !
276 ! PSCL , •• AIIAL LOAD OF PROBlE"
277 I "SCl, • • , APPLIED "O"EII! OF PROBLE"
278 VSCl. , , • SHEAR LDAD FOR PROBlE"
m !
280 ! iPR"•••• A~IENi iE"PERAiIlRE Of iHE SYSTEll
281 ! KT"STR. , , NU"BER OF THER"AL APUCATION LDAD STEPS
282 !
2B3 @TE"PI •• , I/O PAiH FOR ELfIlENT iE"PERATURE PROFILES
28~ I

285 ! OBTAIN SYSTEll DISCREmmON FRO!! FILE HTOOTA*
28b !
2B7 ASSI6lI @Telpl TO *
288 IKPUi 'INPUT "HTOATA" FILENUllBER FOR TEN?ERAT~E CALCULATJOIIS',FI$
289 NASS STDRAGE IS ',HPB2901,700,O'
290 FI$='HTDATA'lFl$
291 ASSIGN @Telpl TO F1$
292 ENTER @TelpljY,Z,N'IHy,Hyv,Ang, Tpf, Tpe, Tpl ,Htlstr, Tpro
293 Hx=N, /2
29~ Hy=Ny/2
295 ASSIGN @TelpI TO I
206 Fl$=F1Wb'

IDEl*). , • ARRAY FOR "APPIN6 ELmNTS TO ITS FOUR CORR

IONIII ••• ARRAY FOR NAPPINB HODES TO CORRESPoom DE

! DISCRETIZE INTO FINITE ELfIENTS

! IMPUT THE LOAD OF THE 5YSTE"
!

! SUBROUTINE DATA2 :
MILL BENERATE NAPFINS ARRAYS OF THE NODES AND ELENE

! DISPLAY iHE VARIABLE lUST INPUT,

, OUTPUT VARIABLES:
I

I DISCRETIZE INTO I • YCOORDINATES

! DBTAIN THE BOUNDARY CDNDlTIOHS FOR THE BEAN

! CREATE A NODE-TO-ELE"ENT AND 6LOBAL DDF LOCATION "AP

INPUT 'IHPUT THE AIIAL LOOD IN Ibs.',Pscl
INPUT 'IHPUT THE SHEAR lOAD IN Ibs,',Vscl
INPUT 'INPUT THE APlIED "O"EHT IN Ib-ins,',Nscl

I

Dy,Y/Hy
Dz=Z
DEB
Dx=DylTAHIAng/21
lIe--JldNy
Hn=(Nxf!) *(Hy+l)
1Ib=(Ky+3l*2

!

Hnl=Q
fOR 1=0 TO Hx
FOR J=O TO Ny
HnI=Hnl+l
lyl1,HnIl=UD,
Iy 12,HnIl =J*Dy
llElT J
IIElT I

!

CALL Displldnl*ll
I

Nel=O
FOR 1=1 TO N,
FOR J=1 TO Ny

OUTPUT 1 USIHG '/11/1/1'
OUTPUI I USING '25I,18A,SDDODDD.DDD';'AIIAL LOAD IS :',Pscl
OUiPUT 1 USINB '25X,IBA,SODDDDD.DDD';'SHEAR LOAD IS :',Vscl
OUTPUT I USINB '251,18A,SDDDDDD.DDD';'APPUED NO~HT IS :',"scl
SUBEHD

SUB D.t.2IXyIII,INTEBER Idem,Idnlll,lllllJ
CON O"Dy,D"Nx,Hy,Hn,Nb,Ne,Neq,

299
300
301
302
303
304
305
30b
307
30B
309
310
311
312
313
31~

315
316
317
31B
319
320
321
322
323
324
325
326
HTS OF DISCRETIZATION
327
32B
329
330
ESPONDINB NODE
331
GREES OF FREEDO"
332 lWI • , • LOCATlDN NATRIl ARRAY FDR NAPPINB LOCl.l DEB
REES OF FREEDO" TO BLOBAL
333 ! XYl*) , •• COORDINATE LOCATION OF THE HODES 1M T~£ I A
KD YDIRECTION
334
335
33b
337
336
339
~o

~1

~2

~3

~4

~5

~b

~7

~6

~9

350
351
352
353
351

FOR DISCREmmON OF ,1SiE" IHiO ELENfN,S

DI••••• ELE"EHT DI"ENSION IN ,HE I-DIRECilIlll
DY••••• ELE"EHT DINENSlllH IN THE Y-DIRECTION
DI••••• ELE"ENT DI"ENSIOH IN ,HE I-DIRECTIOll

HI. •••• NUMBER OF ELE"ENTS IN THE I-DIRECTION
NY••••• HUNBER OF ELE"EHTS IH iHE Y-DIRECilON

! OUTPUT VARIABLE5:

! FIND STRESSES FOR UPDATED STIFFNESS

Istr=Istrfl
Kchng=l
IF Ktype}1 THEN Kchng=O
ALLOCl.TE REAL Kgll:Neq,l:Hbl
IF Kchng=O THEN CALL AsselbkIKgl*I,Kl!l), Teopl*i,LIIII,PlasU*ll
CALL Inve,UKglll,FtUl,Kchngl
DEALLOCATE K9 Ul

I

m
213
211
m
21b
247
248
219 CALL StressklFWI ,Fe I*l ,UtlII,Xy Ul,leop m,Dt UI,JyieldUl, Idem,
Idn III,LII*I ,Plast m I
2S¢ 8DTO 222
251 OUTPUT Ij'IlO. OF ITERATIllHS FOR LOAD STEP "jlst'i' , CONYER6£]) BY
£HERSY CHECK 'j£type
252 Istr=1
253 HI.g=O
25~ SU8EHD
255 SUB D.tallTprl,Htlstr,@Teapli
256 CO!! D"Dy,D',Hx,Hy,Hn,Nb,Ne,Meq
257 CO" /B11/ Mstr,Pscl,Yscl,"sc!
258 !
259 ! SUBROUTINE DATAl:
200 I WilL OBTAIN PARANfTERS FRO!! FILE 'HTDATAW PREYIOU
SLY GENERATATED
261
2b2
263
264
265
266
267
2b8
2b9
270

239
, 210
241

...1
w
Q)



! APPLY THE BOUNDARY CONDITIONS:

! ASSIGN EIlUATlDN HUNBER TO EACH HODE

! SUBRDUTINE DATA! :
WILL ECIII THE DATA FOR THIS PROBm

Neq;O
FDR J;I TO Nn
FDR 1;1 TD 2
IF Idnl1,JI;ITHEN 405
Neq;NeqH
IdnII,Jl;Neq
GOTD 406
IdnlI,JI;O
NElT I
NElT J
SUBEND

SUB D.t.3(Printi
CDN Dx,Dy,Dz,IIx,Ny,Nn,Hb,Ne,Neq
CON IBk21 Ktype,Stype, !flag, Istr ,Enrgyl, E.rgy2
CON IBk41 Nstr ,Ps, Vs, Ns

I DIll! , , • TENPERATlJRE CHAHSE FROH PREVIOUS TO ClIRfiENT

Till) , , , ELEHENT TEHP£RATURES FRON PREVIOS LDAD STEP
nENPI, , , 110 PATH FOR TEMPERATURE DISTRIBUTION

Til*> , , • CURRENT ELEHENT TEHPERATURES

! INPUT VARIABLES,

! UPDATED VARIABLE:

,! SUBROUTINE DATA4 ,
WILL OBTm THE TENPERATURE PROFILE FIlll EACH LOAD S

IIIAGE 1/1,2~1,46A,/1

IMAGE 1.371,24A,DDD
IIIAGE 51,48A
INAGE 691,4BA
INASE 1,371,26A,DDD
IMAGE 1,371,35A,nlllJ
llIAGE 1,371,35A,DD,DDD
INAGE 1,371,35A,SDDDDDDD,DD,7A

I

Nxl~Nxt2

PRINT USING 420j'I NPUT PAR ANET E RS :
PRINI USINS 421; 'SDLUTIO. TYPE ISTYPEI ";Stype
PRINT USINS mj' ISTYPEI; I ADD CORRECTION OF LOADS ON NEXT STEP'
PRINT USINS 423;' 2 lTERATECORRECTlDN UNTIl TOlERABLE
PRINT
PRINT USING 42lj'STIFFNESS TYPE (KTYPEI:';Ktype
PRINT USING 422j'lKTYPEI; 0 USE CONSTANT STIFFNESS FOR SOLUTION '
PRINT USINS 423;' I CHANSE STIFFNESS EVERY LllADSTEP
PRINT USING 423j' 2 CHANGE STIFFNESS EVERY !TERATlON
PRINT
PRINT USING 421; 'PRINTOUT TYPE (PRINIl: 'jPrint
PRINT USING 422j'IPRINTJ; 0 DO NOT PRINT OUTPUT FOR EACH STEP
PRINT USINS 423;' I PRINT OUTPUT Fllfl EACH STEP
PRINT USING 420j 'E L E " E NT DIS C RET I I A T ION :'
PRINT USING 424j 'NUNBER OF EL£HENlS IS: 'jNe
PRINT USING 424; 'NUNBER OF NODES IS : ';.n
PRINT USING 424; 'BAND WIDTH IS : ';Hb
PRINT USING 424; 'NUNBER OF EQUATIONS IS: ';Neq
PRINT
PRINT USING 425; '.0 OF ELEHENTS IN I-DIRECTION IS , 'jNx
PRINT USING 425; 'NO OF ELEMENTS IN Y-DIRECTION IS : ')Ny
PRINT
PRINT USINS 426; 'DIN OF ELENENT IN X-DIRECTION IS : 'jD,
PRINT USING 426;'DIN OF ElENENT IN Y-DIRECTlDN IS : ';Dy
PRINT USINS 426j'DIN OF ElENENT IN I-DIRECTION IS : 'jDz
PRINT USING 420; 'A P P LIE D LOA DIN 5 S :'
PRINT USINS 427j'APPLIED AXIAL LOAD IS : ';Ps;' Ibs,'
PRINT USING 427;'APPLIED SHEAR LOAD IS : ';Vs;' Ibs,'
PRINT USINS 427; 'APPLIED END HONENT IS : ';Nsj' lb-ins'
SUBEND

SUB D.ta41Tl1I1,DWI,@Te.pll
CON D"Dy,Dz,Nx,Ny,Nn,Nb,Ne,Neq
CON IBHI Nstr,Pstl,VstI,Nst!

!

419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
m
440
441
442
443
m
445
446
447
448
449
450
451
452
453
m
455
456
457
458
459
460
461
462
463
464
465
466
TEP
467
468
469
470
471
472
473
474
475

ELENENT TEMPS
m
477
478

IDENTIFICATION NATRIX FOR THE NODES

IDNII); 0 IF FREE IN SPECIFIED DIRECTION
1 IF RESTRAINED IN SPECIFIED DIRECTION

IDNW.

! OUTPUT VARIABLES:

FOR J;1 TO NyH
Idn(l,J);1
NElT J
Idn 12, INTe INy'21121 );1

!

FOR J;1 TD Nn
FOR 1;1 TO 2
IdnII,Jl;O
NElT I
NEXT J

357 NI2);NI1I'NY'1
355 NI31;N(2)'1
359 NI41;N(J)'1
360 FOR L;1 TO 4
361 Ide1L,Ne1loH1Ll
362 l11;2lL-I
363 Ll2;Ll HI
3M L,ILlI,Nell;ldnO,NILl)
365 L,ILl2,Nel1;ldn(2,NiLiI
366 NEXT L
367 NEXT J
36S NEXT I
369 SUBENO
370 SUB Di sp ilNTEGER Idn (Ill

371 CON Dx,Dy,Dz,Nx,Ny,Nn,Nb,Ne,Neq
372 !
373 ! SUBRDUTINE DISP :
374 I WILL SENERATE NAPPING IIATRIl IDNW FRON THE DISPLA
CENENT BOUNDARY CONDITIONS OF sysm
375
376
377
37B
379
3BO
351
3B2
3B3
354
3B5
3S6
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417

zj
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! FIND THE APPROPRIATE RATIO FOR ELASTIC NODULUS

! SUBROUTINE YOUNG :
) CALCULATES YOUNGS IIOOULUS FOR ELEIIOOS WITH GIVEN T

£!ITER @Teapl;T211l
FOR 1:1 TO H,
FOR J:1 TO Ny
1l:1I2
Jl:J12
13 II) JI:. 25IIT2 (J I-I,d1-1 I +T2<I 1-1, Jl " T21 I I) J1-1 It121 JI, J1)
NEXTJ
Mml
Il:O
FOR 1:1 TO.,
FOR J:1 TO Ny
11:11+1
14l1ll:13II,JI
HElT J
HElTI
FOR 1:1 TO Ne
Dt ([1:14 (J) - TJ IIJ
TlIII:T4i11
MElT I
DEALLOCATE TZU1,!3t1l,WII
SOTO 519
AlLOCATE REAL Tll:Nel
£!ITER @Teapl;TIIl
Dt aa,:O
FOR 1:1 TO Ne
DUII:T([I-T! (J)

IF Ot(ll>Dt_a., THEH Dt_a'FDt III
NEXT I
IF Dt_aax(50 THEN
Nstr=Nstrfl
SOTO 503
m IF
IF Dt aax)50 THEN

FOR 1;1 TO Ne
Tllll:TtlI
IlElT 1
END IF
DEALLOCATE Ttll
SUBEND

SUB YoungtT,?,E)
CON fBll! Ktype,Stype,lflag,Istr,Enrgyl,Enrgy2
etJN fBk3/ Y" Ta,R,tio,PrO,Prl

!

IF p:o THEN R:l

T • • • • • CURRENT EL£NENT TEMPERATURE

A • • • • • AYERAGE YALUE OF THERMAL EXPANSIDN IN INIlN

TO. • • • • PREVIOUS ELEIlENT TENJ>ERATURE
n. . . . . CURRENT ELEIlENT TEKPERATURE

! COMPUTE YOUNGS NODULUS FOR ELEIlENl

! INPUT YARIABLES:

I SUBROUTINE rIELD :
CALCULATES THE YIELD RATIO FOR THE CURRENT ELENENT

! INPU1 YARIABLE,

! OUTPUT YARI ABLE:

! UUTPUT YARIABLE:

! SUBROUTINE ALPHA :
FINDS THE AVERAGE YALUE OF THE COEFFICEINT OF THERM

! COIlPUTE THE REDUCTION RATIO FOR lE"P YIELD AND REFERENCE TENJ>

! SUBROUTINE FNATRll :
DISCRETlIES THE THREE INPUT LOADS TO THE NODES lIN T

! INPUT YAflIABLES:

! CONPUTE THE etJEFFlCIENT OF THERIIAL ElPANSIDN

IF T<'IOO. THEN E'RlYa
IF n:\oo. AND H·7oo. THEN E:RtvaIU.MOS-.00010SITl
IF n·IOO. THEN E=RlYaI15OO000.+1333.IT-I.ll1W21IWHI
SUBEND

SUB Yi,IdIT,RI,

IF T<:IOO. THEN Rol
IF T>100. AND 1<=BOO. THEN R·(l.0-1T-!001/5B331
IF n:BOO. THEN R:I-720000.0+4200.0lT-2.75W211lO'1-61
SUBEND

SUB Alph.lTl,TO,AI
!

IF TO('200. THEN AO=.OOOO065
IF TO>:200. THEN AOO.0000061+.000000002lT
IF Tl (=200. THEIl At:. 0000065
IF m·200. THEN AI·.0000061+.00D000002lT
A:.51IAI+AOI
SUBEND

SUB Futri,(FlII',INTESfR Idnllll
etJN D"Dy,Dz,Nx,Ny,Nn,Nb,Ne,Neq
CON IBk4f N,tr,Ps,Y"Ns

I

541
542
543
544
545
546
547
540
549
550
551
TmERATURE
552
553
554
555
556
557
550
559 ! R••••• RATIO OF THE CURRENT TEIlPERATURE YIELD STRE
SS TO REFERENCE mp YIELD STRESS
560
561
562
563
564
565
5bb
567
56B
569
570
AL EXPANSION
571
572
573
574
575
576
577
570
579
IDEGREES F
500
581
582
503
504
505
506
5B7
580
509
590
591
592
593
594
595
HE EDSf OF THE BEAN
596
597
590Reproduced from

best available copy.

T • • • • • CURRENT mPERATURE OF THE ELEIlENT

P • • • • • INDICATES NHETHER ELEIlENT IS ELASTIC OFR PL

E • • • • • mPERATIJlE DEPENDENT YOUNGS IKlDULUS FOR EL

! INJ>UT YAJlIABLES:

! OUTPUT YAJlIABLE:

539

4BI
4B2
4B3
4S\
405
4S6
487
4SB
4B9
490
491
492
493
494
49S
496
497
490
499
500
501
502
503
504
50S
506
507
SOB
509
510
511
512
m
514
515
516
S17
510
519
520
521
522
523
524
525
ENPERATURES
526
527
52B
529
ASTIC
530
531
S32
533
534
535
ENENT IN LBS/SQ. IN.
536
537
530

.......
w
co



FOR leJI"1 TO Ne

! ADO THE FORCES TO THE GLOBAL FORCE \lECTOR

I SET MTERIAL PROPERTIES FOR EACH ElE~MT

FOR I =0 TO Neq
FllIl=O
NEIT I

, ASSUIlED LINEAR STRESS AT LEFT

vs ...•. SHEAR LOAD, ASSUllED PARABOLIC STRESS AT L

FlIl) •••• lOTAl EnERllALLY 1lPP1IED LOAD VECTOR

PS ••••• AIlAL LOAO , ASSU!I£O CONSTANT STRESS AT LE

lIS ..... !IOMEMT

I APPLY THE MOMENT AND AXIAl LOADS TO THE R.H.S. OF BEAll

I APPLY THE SHEAR LOAD TO THE L.H.S. OF BEAM

I IF MSCALE AND PSCAlE ARE ZERO THEN ADO THE MOMENT
! DUE TO THE SHEAR FORCE TO THE L.H.S. OF THE BEAM

, ADO THE FORCES TO THE 6LOBAL FORCE VECTOR

I OUTPUT VARIABLE,

! APPLY THE SHEAR LOAD TO THE R.H.S. OF BEA"

! INTfALlZ£ LOAO TO zm

IF Ms=O. AND P,"O. THEN bBI

IF 1i«Ny+lIll1:< THEM 650
li=O
Ny!=-l
SOTO 632

Ny!"!
1i"INy+lIIN,
MsI=M,
M=61M'1 I IMylOy 1'2
P~Ps/NytDv

IF Vs=O. AND Ms"O. AND Ps=O. THEN 685
IF V,"O. TIfEl( 650

FOR J=O TO Ny
Ii"Ii+l
Jj"2IJ
FI=Nyl11Dy/311 ILd IJ j-lI+Ld (J jl+LdIJj+11 I
IF Idn12,IiI=O THEM ~B

FI (ldnI2, Ii I1=F1lIdn 12, Ii) I+FI
NEXT J

V--iJIV,/INyIOyl
LdHI=O
FOR 1=0 TO 2!My
Y=.511/Ny
Ldlll=VliY-YA 2l
NEll I
LdI2INy+1I"0.
Ii=INy+ II IN,
Nyl"!

FOR 1"0 TO ~
FI (J)"O
NEll J

ALLOCATE REAL LdH,2INy+1I
!

~~

FTOO
000

EMD
bOl
EfT foliO RI6HT ED6E
1>Q2
603
6~

60S
60b
1I!7
008
1I!9
61V
oil
612
I>l3
614
615
616
bl7
018
I>l9
620
021
622
623
624
625
/:,26
627
628
029
630
031
6,.\2

b33..~
635
b36
637
638
039
Me
041
042
643
644
045
!46
047
048
1>49
650
651
652
6S3
~

655
656
657

FIlIl ••• APPlIEO THERML LOAD FOR THE CHAMGE IN TEMP

B511} ••• STRAIM DISPLACE~ENI TRANSFORIlATlON MTRlI
DTilI • • • CHANGE IN TEMPERATURE FOR EACH ELEMEMT
TEMP III • • CURREMT TE~PERA TURE FOR EACH ELE~NT

nUl. . . IIEI6HTEO RESIDUALS

, INPUT VARIA5LES,

, SUEROUHKE THERMF ,
APPLIES THE CHANGE IN mPERATURE TO THE SYSTEM AS

I FZND THE STRESSES AND STRAINS DUE TO THERIlAL LOAOIN8S
I

I OUTPUT VARIABLES:

! APPLY MO~MT AND AXIAl LOADS TO THE LH.S. OF 5EAM

I INITIALIZE THE THERMAL FORCE VECTOR TO ZERO

FOR J=O TO Ny
li"!i +1
Jj"2IJ
Fl"Myll lOy131 I(Ld IJj-II +Ld II j} +Ld IJ j+ll}
IF Idnll,IiI=O THEM 670
Fl IIdn 1I,!i II"Fllldnll, iii I+FI
MEXT J

FOR 1"0 TO 21My
Y"I/My
Ld 1Il "~II HI +P
NElT I
LdI2IMy+ll"0.
LdIOI=WOI/2.
Ld 121Ny I"Ld 121My112.,

IF Ii<lMy+lIIM, THEN 65S
!i=0
Myl"-I
M,I" IM,-V,IM, ID,}
60TO 657
DEALLOCATE Ldlll
SU5EtID

SUB Therof IFI III, Telp II}, DI III, INTE6ER Ide III ,Idn III, PJ ..tll!l
COM D"Dy,D,IM"Ny,Nn,Nb,Me,Neq
CO~ 15W BbIII,Hhlll,BIII,Ntrl)
CO~ 15k21 Klype,Slype,IfJag,I,tr,Enrgyl,Enrgy2
CO~ IBk31 Y', Y.,R,liD,PrO,Prl
CO~ 15141 N,lr,P5CI,V,cJ,~5Cl,

Pl"'Plast (i. I~ll)

06(
1>61
002
01>3
01>4
bbS
obb
b67
bbS
009
670
b71
672
073
b74
m
m
b77
078
679
080
681
652
653
684
68,
656
b87
688
659
b90
691
692
693
bq~

m
IMITIAL STRESSES
690
b97
698
099
700
701
702
703
704
705
701>
ERATURE
707
705
10'1
710
711
712
713
714
715
716
717
718
719

--'I
W
~



721 Tl'Teaplle!al 781

722 TO'TI~Dtllela) 782 ! ASSISN YALUE FIlR EACH SAIlPL!HS POTHT
723 CALL Young ITl,PI, Ell 783 !

m CALL AlphalTl,IO,All 78! FOR J'l TO 4
72S , 785 FOR 1'1 TO 2
726 ' STRESSES WILL BE OPPOSITE OF Tilt STRAINS 786 11 lI,JI=lylI, IdelJ, 1ll
727 ! 787 NEXT 1
728 Ep{ 11' l-lIIA1lDt Ileial 788 HEnJ
729 Epl21'Epm 789 FOR Int~'O TO 4
730 EpI31'0. 790 Rp=lI+RlIntgll
731 FOR 1'1 TO 3 791 R.=lI-RlIntgll
732 SHI'O. 792 Sp=Il+SlIntgll
733 FOR J=I TO 3 793 S.'H-Sflntgl}
734 S(J)=S I11 +EIIO IPI, I, JI IEp IJJ 794 !
735 NEll J 795 ' CONSTRUCT THE SHAPE FUHCTJIlIIS
736 HElT I m ! \.\ ••R.T. R
737 FOP 1'1 TO 8 797 ! 2.) N.R.T. S
738 PHI=O. 798 , 3.1 TDTAL INTERPOlATIOIi FUNCTlnN
739 FOR J'I TO 3 799 ,
740 P~ 1l=P II I+Bb ~O, J,illS (JJ IHt 1O) 800 HHl, ll=HlI.25ISa
741 NEH J 801 Hlll,21=.25IS.
742 NEll I B02 HIIl,31=.25Isp
743 803 HlI1,41=HlI.25ISp
m ! LOAD INTO TOTAL FORCE VECTOR 804 HI (2,11' (-111.25IRa
745 ! 805 HI (2,21=HlI.25IRp
746 FDR 1'1 TO 4 8O. HHZ,3J=.25tRp

~ 747 Node'lde (I, Ielal 807 HI12,41'.25IR.

0 748 FI lIdn (I, Nodel I=FI lIdn 11,Nodel }+P(ZIH) BOB H113,II =. 25IRaIS.
749 Fl IIdn 12, Nodel I=FI lIdn 12,Nodel )+P 121! 1 809 H1!3, 21'. 251RplSa
750 NElT I 810 HI13,31=,25IRpISp
751 ! B11 HI 13, 41 =. 251RalSp
752 NEll lela 812 !
753 SUBEHD B13 ! EYALUATE JACOBIAN NATRll
m SUB 8aatri,(ly(II,INTESER Idellli 814 !
755 CO" D, ,Dy, D" NJ<, Ny, Nn,Nb, He, Neq B15 FDR 1'1 TO 2
756 CO" IBkll BbW,Hhltl,D<Il,NUII BI6 FOR J'I TO 2
757 ! 817 IjII,JI=O.
75B ! SUBROUTINE 8MTRJl: 81B FOR K'I TO 4
759 ! USES SAUSSIAN INTESRATION TO FIND THE INTERPOLATION 819 Ij lI, J I=Xj lI, JI+HI II, KltlI (J ,K)

AND STRAIN-DISPLACEItENT FUNCTIONS B20 NEXT K
760 ! 821 NEllJ
761 ! INPUT VARIABLE: 822 NEXT 1
762 ! 823 !
763 ! NHI). ••• NEJ6HTlIIS VAlUE FOR SA~LINS POINTS 824 ' EYALUATE THE DETER"INATE
764 ! 825 !
765 ! OUTl'UT YARIABLE: 820 Det'lj O,llllj 12, 2J-lj 12, llUj 0, 21
766 ! B27 !
767 ! BBIII •••• STRAIH"DISPlACEItENT TRANSFORMTlOH mRIl 828 ' FINO THE INYERSE OF Tilt JACOIIIAH "ATRII
76B ! HHII). ••• INTERPOLATION (SHAPE) FUNCTION 829 I

769
, NT(I). • , • NEISHTING RESIDUALS FOR THE SAmiNG POINT 830 Iji 0, Il 'Ij 12,21/Det

S 831 Iji 0 ,21=1-1 IlIjll,2)/Jet
770 832 Iji 12, 1l=1-111lj 12, ll/Det
771 ! 833 Iji 12,2)=lj O,ll/Det
772 ! INPUT DATA FOR INTEGRATION POINTS 834 !
773 ! 835 ! FIND THE TRANSFORNATION IlATRIl AND STORE IN IlATRIl 8B
774 DATA 0,0,-1,-1,1.-1,1,1,-1,1 836 !
775 FOR 1=0 TO 4 837 FOR K'I TO 4
776 READ R!Il, S!Il 83B Kl'2tK-l
777 IF 1=0 THEN m 839 K2-2lK
77B R!Il=R !Il/SQR 13) 840 BW,Kll'O.
719 S!Il=S!Il/SQR 131
780 NElT I



FOR 1=0 TO 1
IF 1=0 THEN Pr=PrO
IF 1=1 THEN Pr=Prl
E=1
Ol=E/H-PrIPr)
02=011Pr
03=!01-021/2

9112,Kll=!'.
91 n,K21=Q.
91(2,K21=Q.
FOR L=1 TO 2
91 n,w =91 (I, KlI 'Ijl :l,LlIH1IL,KI
9112,K21 =91(2, K21' I j 112, LIIHI IL, K)
Hm t
9113, K21 =Bl (I, K1l
BI13,W=BI12,K2)
NElT K
IF Intg=O THEN Det=Detl4
NIllntg)=OellDl
fOR 1=1 TC 3
FOR J=I TO 8
Bb Ilntg, I, JI=BlII, J)
NmJ
HElT I
fOR 1=1 TO 4
Hh \lntg, l\=H1l3,l\
HElTI
HElT Intg
SUBEND

SU8 Oaatrl'
CCN c"Cy,Oz,Nx,Ny,No,Ilb,Ne,Neq
CCN /BW Bblll,Hhlll,OIII,KUll
CCN IBk21 Ktype,StYJIE,lflag,lstr,Enrgyl,Enrgy2
CCN /9k3/ Ys, YI,Ratio,PrO,Prl

I

! INPUT VARIABLES:

! OUTPUT VARIABLSE,

BBIII •••• STRAIN-OISPLACE/ENT TRANSFORNATION NA7RIX
D(\}. • • • CONSTITUTIVE MTRJ1
NTlII. ••• WEIGHTING VALUE FOR SANPLING POINTS

KLlO,I). •• ELASTIC ELEllEliT STIFFNESS IlATRIX
KL 11, II. • • l'lASTIC ELEMEN; STIFFNESS NATRIX

KLIII •••• ELEIENT STIFFNESS ftATRIl
TENPIII ••• TtNPERATURE PROFILE OF SYSTEII
PLASTIII •• ELASTIC/PLASTIC CONDlTION OF ELENENT

! INPUT VARIABLES:

I OUTPUT VARIABLES:

! SUBROUTINE ASSEltBK:
ASSENBLES TIE STIFFIESS NATRIX KNONlNG THE STIFFNES

! INPUT VARIIlBLES:

I OUTPUT VARIABLE:

FOR N.I=O TO I
FOR 1=1 TO 8
FOR J=1 TO B
KI (NUl, I,J)=O.
NElT J
NElT I
FOR Inlg=1 TO 4
FOR J=l TO B
FOR ~=I TO 3
Dbt~;=O.

FOR L=l TO 3
OblKi =Ob I~)'O INuI,K, LlIIll: !ntg, L,J)
NElT L
NEXT K
FOR 1=1 TO B
Ke=O.
FOR L=1 TO 3
Ke=Ke+Bb (Intg, L, !lIOb (L1
NElT L
Kl (NIIA, I, J I=Kl (NUl, I ,Jl+K.1Nt IIntg!
NEXT I
NElT J
NEXT Intg
NEXT llul
SUBm

SUB AsselM IKgtl) ,KIlII,Teopllj. INTEGER Lim ,Plastlll)
CON Dt,Or,Dl,Nx,Ily,IIn,HlI,IlE,Neq,

901 011,3,21=0.
902 Nm J
903 SUBm
904 SUB Kaatm IKI II))
905 CON O"Oy,Ol,IIx,Ny,Nn,Nb,'<,NeQ
906 CON IBkll Bblll,HhIII,OII ,NUl)
907 I

90B ' SU9ROUTINE KNATRIX,
909 CONPUTES ELENENT STlFFIESS NATRIX ACCORDING TO THE
OINENSIONS OF THE FIRST EtENEIH ONlY
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
m
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
SES OF THE EL£NEIlTS
m
954
955
956
957
958
959
960

THIS ASSUMES THAT YOUNG'S NOOULUS HAS BEEN FACTOREO

PRO • • • • ELASTIC ELENENT POISSON RATIO
PRI •••• PLASTIC ELENENT POISSON RATIO

010,1) ••• ELASTIC STRESS-STRAIN NATRIX
oH,I). • • PLASTIC STRESS-STRAIN NATRIX

I SU8RCUTlNE OIlf,TRIl :
COIlP\ITES THE CONSTITUTIVE NATRIl FOR TNO OIFFERENT

! ASSENBLE ELEIOT STRESS-STRAIN NATRll
!

0\1,1,11=01
0Il,2,21=01
0\1,3,3)=03
011,I,21=D2
011,2,11=02
0\1,1,31=0,
0Il,2,31=0.
011,3,11=0.

B41
841
B43
B44
B45
84.
84?
B4B
B49
850
851
B52
853
854
B5S
85.
857
858
859
860
861
8.2
863
864
8b'5
Bb6
867
868
869
870
pmSSON RATl OS
871

OUT
872
Bn
S74
875
876
877
878
879
880
BB1
882
883
884
885
8B6
887
B8B
889
890
891
892
893
894
895
B%
897
898
899
900

-,'
.j:::>......



! INITIALIZE VALUES TO ZERO

Fill •••• LOCAL IIODAL DISPLACENENT VECTOR

KGill. , • , TOTAL ASSEMBLED GLOBAL STIFFNESS NATRIX

!REDUCE THE STIFFNESS NATRIX

!BACK SUBS1I1U1E

! RED UC E T HE F OR CE VE CT OR

I=Nl+L
J=O
FOR K=L TO Nbl
J=Jtl
Kql=KgIN,KI
Kg II, JI =Kg fl, JI-ClKg IN,tl
Kgl=KglI,JI
NfIT K
KqIN,U=C
Kgl=KgIN,U
NElT L
NElT N
ON ERROR 60TO 1035
PURSE 'KG:HPB290I,700,1'
OFF ERROR
CREATE BOAT 'KS:HPBmlI,700,I',NeqI2,INbl2ll8
ASSI6N @P TO I
ASSISN @P TO 'KB:HP8290I,700,I'
OUTPUT @PiK9III
ASSl6N @P TO I
6OTO 1049

ASSI6N fP TO l
ASSIGN 'P 10 'KB,HPB2QOl,700,I'
mER @p;KgIII
ASSI6N @P TO I
FOR N=1 TO Noq-l
N1=N-l
Nbl=Nb
IF Heq-Nl<Nbl THEN Nbl=N09-NI
C=FINI
FINI=C/KgIN,lI
FOR L=2 TO RbI
I=Nl+L
Fill =F (l !-Cltg IN, Ll
NEXT L
NEXT N

!

1021
1022
1023
1024
1025
1026
1027
102B
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
104B
1049
1050
1051
1052
1053
1054
1055
1056
1057
105B
1059
1060
1061
1062
1063 FtNeql=FIN09IIKglHeq,lJ
1064 FOR N=l TO "09-1
1065 Nl=Noq-N
1066 N2=NI-I
1067 NbI=Nb
106B IF Noq-N2(MbI 1HEN IIbI=Noq-N2
1069 FOR K=2 TO NbI
1070 L=N2+K
1071 F1Nll=FINlI-FfLllKgINl,KI
1072 NEXT K
1073 NEXT N
1074 SUBEND
1075 SUB Strossk IFI (II ,F31l1,Ut IIJ,Xylll,lellp III ,Dtul,JyieldllJ ,INTEGER Idea
) ,Idn 11!,LIIIl ,Plast Ill)
1076 CON D"Dy,Dz,N"Ny,IIll,Nb,Ne,Neq
1077 ClIN IBW Bblll,HhUl,OIIJ,NtII)
107B CON lBk2l Ktype,Styp.,lflag,lstr ,Enrgyl,Enrgy2
1079 ClIN IBk3l Ys, YI,Ratio,PrO,Prl
lOBO CON lBk4l Nstr,Pscl,V;cI,Nsci

6LOBAL STIFFNESS NATRI

KCNNS, ••• PARAMETER TO INDICATE IF NEW STIFFNESS flAS

KSllI •••• TOTAL ASmBLED SLOBAL STlFFllESS /lATRIX
FIll ••.• TOTAL INCREllENTAL LOAD VECTOR

! UPOATED VARIABLE:

, INPUT VARIABLE:

!ASSENBLE

IF Kchnq=1 THEN 1045

FOR N=1 TO Neq-l
Nl=N-l
Nbl=Rb
IF Neq-Nl<Nbl TIEJI Nbl=lleq-Nl
Piv=KgIN,lJ
FOR L=2 TO Rbi
C:.Kc: (lillI/Pi\-'

FOR 1011=1 TO Ne

PI=PIasU2,JoJI)
!I=Telpllolll
CALL YounglTl,Pl,ElI,

FOR 1=1 TO Neq
FOR J=1 TO Nb
Kg II, J)=O.
NfITJ
NElT I

961
962
963
964
965
966
967
96S
969
970
m
972
973
974
m
976
977
97B
979
X
9BO
9Bl FOR 1=1 TO B
9B2 H=Llfl,Iell)
9B3 IF Ii =0 THEM '191
9B4 FOR J=I TO B
9B5 lj=Lltl,leltl
9B6 IF Jj=O THEN 990
9B7 JI=Jj-1i
98B IF Ji <0 THEN 990
9B9 Kg IIi, Ji +lJ "lCq tIi, JI +lJ+ElIKHPl,I, J)
990 NElT J
991 HEXT I
992 NElT loll
m SUBEN1I
994 SUB InvortlKglll,FUJ,Kchngl
995 COIl Dx,Dy,D',N',Ny,Nn,Nb,No,Noq
996 !
997 ' SUBROUTINE INVENT:
99B REDUCES THE STlFFNESS /lATRIX AS NEEDED AIlD THE INCR
EIIENTAL LOAD VECTOR EVERY TIllE
999
1000
1001
1002

BEEN SIJP!'LIED
1003
1004
1005
1006
1007
l00B
1009
1010
1011
1012
1013
1014
lOIS
1016
1017
10lB
1019
10!~1

.p.
N



~ OBTAIN PREVIOUS STRESSES ~ DISPlACEIlEHTS

! DINENSIOH ELENOO STRESS ~ STRAIN "ATRICES

U2II1 •••• INITIAlIZED TO STORE 6lDBAl HODI.L DISPLACE

FZII) •••• INITIALIZED TO fIND THE EQUIVALOO INTERNA

Reproduced from
best available copy.

STRESSES OVER EACH ELEN

CALCUlATES THE EQUIVALENT NaDAL WADS FROIi CORRECTE

EPOlIl ••• STRAIN FRON ALL PREVIOUS CAlCULATION
EPHII ••• INCRENENTAL STRAIN CALCUlATtD FOR THIS ITE

ENR6YI ••• INCREMENTAL ENERGY OF THIS TINE STEP
ENR6Y2 ••• TOTAL ENER6Y OF THE SYST£N
Fl tIl •••• TOTAL EQUIVALENT FORCE FOR SYSTEll
F3l01 •••• mRGY OF THE SYSTEN FOR THIS ITERATION ST

F1 III •••• INCREMENTAL LOCAL NDML DISPLAWIEHT VECTO

SUBROUTINE STRESS!(:
FINDS INCREIlENTAL DISPLACEMENTS, STRAINS AND STRESS

! UPDATED VARIABLES:

, INPUT VAR IABLES:

'CHECK

AlLOCATE REAL Str 0: Ne, 1:61 ,FZIO:Neql ,UZI~:Neq)
ALLDCATE REAL SO!I:~) ,~lll:~) ,Ep~H:3) ,Eplt!:3) ,PH,S)

I

ASSISN @P TO I
ASSIGN @P TO 'STRESS:HPBZ901,700,O'
ENTER @PIStrlfl
ASSIGN @P TO I

FOR Iell=1 TO No

PI=PIasUZ, loll)
TI=TeaptleIII
TO=TI-DtlIela)
CAlL YDunglTl,PI,EIl
CALL Alpha ITI I TO,AII

I

FOR 1=1 TO 4
II lII=Idetl , Ie1l1
UlllIl-Ii=FI Odn 11.1I 111 I\

lOBI
IOB2
1083
ES OF THE SYSm.
10B4
oSTRESSES
lOBS
IOB6
1087
10BB
1089
RATION
1090
R
1091
L FORCES
1092 F311' •••• INCRE"EtlTAL LOAD VECTOR FOR THIS ITERATION

USED TO CALCULATE ENERGY FOR THIS STEP
1093 ! 50(1) •••• STRESS FRO" ALL PREVIOUS CAlCULATION
1094 ! Sl1l) •••• INCRENEHTAL STRESS CALCULATED FOR THIS ITE
RATION
1095
NENTS
1096 ! UTII) •••• TOTAL 6LOBAL OISPLACEmT VECTOR FRO~ AlL
PREVIOUS ITERATION STEPS
1097
109B
1099
1100
1101
1102
1103
EP
1104 ! STRlI).. TOTAL STRESS AND STRAIN MlR.Y FllIl ALL PREY
IOUS AND CURRENT ANALYSIS
1105 ! UTII)... TOTAl DISPLAmENT VECTOR FROIi AU PREVlOU
S AND CURRENT ANALYSIS
1106
1107
1I0B
1109
1110
1I11
1112
1113
1114
1115
1I16
1117
IIIB
1I19
1120
lIZ1
lIZZ
1123
IIZ4
lIZ5
1126
IIZ7
I12B
1129
mo
1l3l

FOR 1=1 TO 3
FOR J=l TO B
Epllll=Ep 10 I+Bb 10, I,J) lUI IJI
NEXT J
HElT I

! RECOVER THE PREVIOUS STRESSES ~ STRAllfS
!

FOR 1=1 TO 3
SOIll=StrOeh,1l
EpO IIl=Str {leII, 1+31
HElT I

! CHECtl THE YIELDING CRITERION

! OBTAIN INITIAl STRAINS IF FIRST ITERATIOII Of LOADSTEP

! FIND THE INCIlE~ENTAL STRESSES FOR ITERATIQII STEP

! SET THE NEGllGABLE DISPLACEftENTS TO ZERO
! AND ADD ONTO THE TOTAL DISPLACEmT VECTOR

CALL Plastic IJyield (I) ,SO(l) , SI (I) ,Epl (I), Ti, leII,PlasHII I
!
! STORE THE FINAL STRESSES ~ STRAINS FRON SUIlROUTIHE 'PlASTIC'

I FIND INCRENENTAL STRAINS FOR ITERATION STEF

FOR 1=1 TO 4
FOR J=1 TO 4
Ull IZIJ-lI=UII lZIJ-ll +Hh 1I, JI lUI 121J-1l
Ull 121J I=Ull lZIJI +Hh 1I,Jl lUI lZIJ I
HEXT J
NEXT I

EpII1I=O.
IF IIIag=O THEN EpIllI=-AIIDlIlelll
EpII21=Epll11
EpI13l=0,

I

FOR 1=1 TO 3
Strllell,II=SOlll+Sllll
Str :Iell, !'31=EpOIl)+Epl (II

! INTEGRATE DISPLACEftENTS OYER EACH SAftPLlII6 POINT

FOR 1=1 TO B
IF ABSlUllfIII(lOAHOI THEN U1lfll=0.
U2 ILIO, leI II I=Ull III
NElT I

FOR 1=1 TO 3
SII1l=O.
FOR J=l TO 3
SIIll=SI III+ElIDIPI, I, JllEp I IJI
NElT J
HElT I

Ull OIZ-ll=O.
Ull 11121=0.
1I II,Il=lyll,LlIllI
Xl 12, Il=ly IZ,lllIl I
NElT I

1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
114B
1149
1150
1151
1152
1153
1154
1155
1156
1157
115B
1159
1160
1161
1162
1163
1164
1165
1166
1167
116B
1169
1170
1171
1172
1m
1174
1175
1176
1177
117B
1179
llBO
llBI
1182
llB3
1184
llB5
1186
1187
llBB
1189
1190
1191
1192
1193
1194
1195
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! ~EI.)

! CASE 2.1
CASE 3.)
CASE 4. I

If JJ(Yr AIfII Plastl2, (elll=O THEN SIlBEXIT
IF JI>=Yr AND Plastl2,lelal=O THEN 1313
IF JJ}=Yr AND Plastl2,lelll=1 THEN 1364
IF Jt<Yr AND Plast 12, lelal=1 THEN 1389,

, EVALUATE THE SECOND 1.~ARIAIlT OF THE STRESS TENSOR

! FIIllI THE PREVIOllS SECOND INYARIAHT

1.1 ELASTIC I REMIMING ELASTIC
2.1 ELASTIC I Y1ELDINS
3.1 PLASHC l STRAIN lIARDENINS
4. I PLASTIC & UNLDADIIIG AS AN ELASTIC ELEIENT

Plistll, 10111 =1
Plostl2,lelll=1
Pl:1

!CASE 2.1 £LOOT IS YIELDING

I 4 COll8IHATlONS OF ELEIlEMT STRESS,

SI tIl ••••• TRUE STRESS INCRE"ENT ~T END OF STEP
S2l1J ••••• ERROR ON THE STRESSES iFOR CoRRECTlDN

OF THE FORCE TO BE ADDED Illt MElI STEPI
YR •••••• YIELD FOR THE ELEMENT (~ILL 8E REPLACED

1M THE 'JYIELD' ARRAY fOR NElT STEPt
PLASHII • • • CURRENT COND mON OF EACH ELmNT

PLASHII =0 ELASTIC ELooT
I PLASTIC ELEl\E~l

! OBTAIN REQUIRED DATA FOR YIELDING CONoITIoMS

I lPoATED VARIABLES'

SI \11 ••••• TRIAL STRESS INCREKENT F!lf; PLASTiC CHECK
TO • • • • • • PREVllJOS ELEftENT TE"PERATURE
T1 • • • • • • CURRENT ELE"ENT TE"PERATURE

QI31=H!31t IS\ll<!i12J)
Qlll=S(IitQ(31
QI21=SC2ltllI31
Qi41 =SQR 1211S131
JI=(\.
FOR 1:1 TO 4
Jl·JltRilIIQW
NElT I
Jl">1112

Q131 :(-1!3) I (SOIll.SOI2) I
Qtll=SQl1HQI3l

Yr:Jylleltl
CIlLL lJoloHO,ROl
CALL Yieldm,RIJ

FOR 1=1 TO 3
S(J) =SO m.slI II
NEll I

1259
1260
1261
12.2
120,
12M
1265
1206
1207
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1263
1284
1265
128.
1287
1288
1289
1290
1291
1m
1293
1294
1295
1296
12~7

12'18
1299
1300
1301
1302
1303
1304
1305
13%
1307
1308
1309
1310
1311
1312
1313
1314
1315
131.
1317
1318
1319
1320

ll£L"(I)•••• ARRAY OF YIELDED ELEIlENTS
EPI m •••• IIlCREJlE!lTAL STRAIN FllR CURRENT LOAD STEP
mELD(I). • ARRAY OF PREVIOUS Y1El11 SURfACE R~DIUS

"'IElD ••.• Nu,~prp OF ElE"E~lS ',(cDED

! INPUT VARIA8LES:

! ADD THE DISPLACNENTS fROll nus STEP TO THE PREVIOUS STEP

! RE-ADJUST THE ENERGY PARAI£TERS

! ADD ONTe THE CORRECTION FORa: VECTOR

! STORE THE STRESSES & DISPLACEMENTS IN THE APPROPRIATE FILE

! CORRm THE STRfSSES TO EQUI~ALENT NODAL LOADS

IF Istr=1 THEli Enrgyl=F3101
Enrgy2=Enrgy2<f3101

I

ASSISN @P TO I
ASSISN @P TO 'STRESS,HP82901,7~0,O'

OU1?UT @PiStrm
ASSISN @P TO I

NEll I

FOR 1=1 TO 4
Nodo:ldoll,lelll
F2 (Id. iI ,Node i )=F2 ildn U,Nad,1 I '" {2IH}
F211dn 12,Nodsl ):F2Udn 12, Nodol 1'" IZIJl
NEXT I
NEll loll

FOR 1:1 TO 8
Ptll=O
FOR J:l TO 3
PiII:P' 1I.Bb (0 ,J, IlIStr lIolo,J) III 101
N£lTJ
NEXT I

f3(0)=0
FOR 1=1 TO Ne<!
F3101 =F31 OI.lI2 (J) IF31 lJ
f1ill=f2{!l
Uti Il =UtIll'L12 i II
NEXT I

''''',7

1196
1197
1198
1199
1200
1201
1202
12~3

1204
1205
1206
1207
1208
1209
1210
12ll
1212
1213
1214
1215
121.
1217
1218
1219
1220
1221
1222
1223
1224
1225
122.
1m
1228
1229
1230
1231
1232
1233
1234
1235
123.
1237
1238
1m D£~LLOC~TE SClll,Slm,Epom,Eplm,pm
1240 DEALLOCATE Strlll,F2m,U2111
1241 SUBEND
1242 SUB Plastir Ilyll), scm ,SHII ,Ep1(l),TI, lell,INTESER PI.sHI)}
1243 CO" Dx,Dy,D"Ib,Ny,Nn,Nb,No,Neq
1244 CO" IBkll Bbitl,llhltl,Dm,_Utl
1245 COft IBk21 Ktypo, Stypo, If lag, Istr ,Enrgyl,Enrgy2
124. COM IBk31 Ys, YI,Ratio,PrO,Prl
1247 CO" IBk41 Nst, ,Psrl, Vsd, "sci
124B !
1m ! SUBROUTINE I'LASl ,
1250 ' CORRECTS THE STRESSES AID ADJUSTS THE YIElD CONSTAN
T VALUE FOR YIELDED ELEIlEIITS
1251
1252
1253
1254
1255
1256
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, RECOVER STRESSES & DISPLACEMENTS FRO" FILE

! FIND THE STRESS INCRENENT IF THE ELEMENT lIAS ELASTIC

ALLOCATE REAL Slrll:Ne,I:.I,SOll:31,EpOIl:3),

! FORNAT OUTPUT FOR ELENENT & IWDAl DATA
!

IS UNLOADING

IS PLASTICELEUNT

ELEUNT

3 • I! CAS E
I

! SUBROUTINE IlATAlIUT :
PRINT THE OUTPUT OF 5TRESS,STRAIN AND DISPLACENENT

!CASE 4.

! FIND NEW ELASTIC NDDULUS

Jyllelll=Jl
SUBEXIT

PlasH2,Ielll=0
Pl=O

CALL YOtlng<T1,Pl,EIl,

ASSISN ~p TO I
ASSIGN ~P TO 'STRESS:HPB2901,700,O'
ENTER ~P; Sldl)
ASSI611 ~p TO I

IMSE 45I,3.A,DD
IMASE 3BI,50A,DO
INAGE 4A, lX,3A,31 ,lIA, 71, BA,.I,9A, 7I,BA, 7I,8A, 61,9A
INAGE I,SD.DDDOESZl,4X
IMAGE *,5A,3I,12A,3I,12A
IMAGE I, SD. DDDDDESZZ, 31, SD. ODDDDESZl

!

FOR 1=1 TO 3
51 III=0.
FOR J=1 TO 3
SIIll=SI Ill+EIlD IPl,I,J) IEpl (J)
NEXT J
NEXT I
SUBEND

SUB DataoullUtlll,INTESER Idnll),PlaslUH
CON D', Dy, D',N"IIy, Nn,Nb,Ne,Neq,

13Bl
13B2
1383
13B4
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
139B
1399
1400
1401
1402
1403
1404
1405
1406
1407
140B
1409
1410
1411
1412
1413
1414
1415
1416
1417
141B
1419
1420
1421
1422
1423
1424
1425
1426
1427
142B
1429
1430
1431 Pag=1
1432 PRINT CIlRf<l21
1433 PRINT USING '/I'
1434 PRINT USING 1422j 'E LEN E N T 0 AT A : P AGE 'jPag
1435 PRINT
1436 PRINT USING '1,161'
1437 PRINT USING 1424; 'aEN', 'E/P', 'I-STRESS', 'Y~TRESS', '!V-STRESS','X-S
TRAIN', 'Y-STRAIN', '!V-STRAIN'
143B PRINT
1m FDR lela=1 TO Ne
1440

FOR 1=1 TO 3
Dep III =Ru IEp1!I I
NEXT I

! FIND THE NEW ELASTIC NOOULUS

CALL YounglTl,Pl,Ell,

! SCALE THE STRA INS BY THIS ANOUNT

Ru=(SGRIJ!I-SIlIHYrI )I ISGRWHlllRIJOl1
RI =ISGR IYrl-SQR 130» IISGR IJI )-SQR (30})

! FIND THESCALINS RAm

FOR 1=1 TO 3
QIII=0
FOR J=1 TO 3
QII )=Q II }tElID IPl,l, J) IDep (J I
NEXT J
NEXT I

! FIND NEW STRESSES FOR THE NEW STRAIN INCF.fNENT

! FIND TRUE STRESS AT END OF STEP

FOll 1=1 TO 3
511 II=SI I\) IRl +G II}
NElT I

JylIeII)=Jl
SUBElIT

! FI ND NEW VALUE OF STRESS

FOR 1=1 TO 3
51\)=50 I\)+SI III
NElT I

! FIND THE NEW YIELD RADIUS fOR THIS ELE!£Ill
I

QI3)= 1-1/311 IS (j I+S (2»
g(ll=S(II+Ql3)
Q(2) =S(21 +Q (3)
QI41=SQRI211S 131
Jl=O.
fOR 1=1 TO 4
J I=J 1+Q I\) IQ (J)

NEll I
JI=J1I2

! HOST SCAlE THE NEW YI ELO RAD IUS

Q121 =SO 12.) +G 131
Q14 I=SQR 1211S0 131
JO=O.
FOR 1=1 TO 4
30=JO+8\1\ IQ (\\
NEXT I
JO=JO/2

1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
133B
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
135B
1359
1360
1361
1362
1363
1364
l3b5
1366
1367
136B
1369
1370
1371
1372
1373
1374
1375
1376
1377
137B
1379
1380
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! FINO THE NU"BER OF PA6ES REllUlREO FOR DISPLA~ENl OOTPUT

PRINT USING '1,6X'
FOR 1=1 TO N[ol
PRINT USIN6 1426; 'NODE',' X-DIRECTION',' V-DIRECTION'
PRINT USING '1,71'
NEXT I
PRINT
PRINT USING '.,61'
FOR 1=1 TO Ncol
PRINT USING 1426;' NO. ','OISPLACmNT', 'OISPLAmm'
PRINT USING '.,71'
NEXT I
PRINT
PRINT
FOR I=Pag+! TO Pag+50
PI=I
P2=Pl+50
IF N[o1>1 AND P2)Nn THEN Ntol=1
P3=P2+50
IF N[oD2 AND P3)Nn THEN N[01=2
IFP!>Nn THEN 1547
PRINT USIN6 '1,6X'
PRINT USING '1IIX,ODD,4X';PI
lx=ldn(l,PIl
ly=ldnl2,Pll
PRINT USING 1427;UtlI,J,Utlly)
IF Pl=Nr, THEN 1545
IF N[DDI THEN
PRINT USIN6 '1,71'
PRINT USIN6 'I,IX,OOO,4X';P2
Ix=Idn(l,P21
ly=IdnI2,P21
PRINT USINS 1427;UtiI,l,UtIlyJ
END IF
IF P2=Nn THEN 1545
IF NcoD2 THEN
PRINT USIN8 '.,7X'
PRINT USING 'l,ll,DOO,4X';P3
Ix=ldn(l,P31
Iy=ldn i2,P31
PRINT USING 1427jUtlIxl,UtIlyl
END IF
PRINT
NElT I
NEXT P
DEALLOCATE Str 11I,50 III ,EpO IfI
SIlBEHO

! PRINT HEADING FOR EACH COLUIIN
1501
1502
1503
lS04
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
IS'll
1532
1533
1534
1535
1536

1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549

P ABEOISPLACEHNTS

! PRINTOUT OOTPUT FOR EACH PAGE

, FORIIATOUTPUT FOR EACH PAGE

! PRINT THE STRESS TO THE APPROPRIATE FOR"AT

! OBTAIN STRESSES AND STRAINS FRO" STRESS ARRAY
I

! FINO THE NU"BER OF COLU"NS FOR THIS PAllE

IF Nn<=600 THEN Page=4
IF Nn<=450 THEN Page=3
IF NIl<=300 THEN Page=2
IF Nn<=150 THEN Page=1

PRINT

FOR P=I TO Page
PRINT CHR$tl2l
PRINT USIN6 'II'
PRINT USIN6 1423; 'N 0 0 AL

Pag=iP-1I1150
IF Nn)Pag AND Nn<=IPag+501 THEN Ncol=1
IF Nn)(Pag+501 AND Nn<=(Pag+1001 THEN IIcol=2
IF Nn)(Pag+l001 THEN Ncol=3

FOR 1=1 TO 3
SO III =Str (Jell, II
EpO In=Str (Jell, 1+31
NElT 1

PRINT USING '1,15X'
PRINT USIN6 'l,ll,DDD,2X';leII
IF PlasW, le11)=0 THEN PRINT USI~ 'I, lA';' ,
IF Plasttl,lelll=1 THEJI PRINT USIN6 'l,lA'I'$'
IF Plastl2,Iell)=0 TIlEN PRINT USIII6 'l,lA,2X';' ,
IF PIasW,Ielll=1 THEJI PRINT USING 'I,IA,2X'; 'I'
FOR 1=1 TO 3
PRINT USIN6 1425;SOIll
NElT I
FOR 1=1 TO 3
PRINT USIN6 1425;EpOCli
NEll I
PRINT

1441
1442
1443
1444
1445
1446
1447
144B
1449
1450
1451
1452
1453
1454
1455
1456
1457
145B
1459
1460
1461
1462
1463
1464
1465
1466 FOR 1=55 TO 355 STEP 55
1467 IF lell=1 THEN
1468 Pag=Pag+1
1469 PRINT CHRII12)
1470 PRINT USIN6 '/I'
1471 PRINTUSIN61422;'ELE"ENT DATA: PAGE';PiliJ
1472 PRINT
1473 PRINT USIN6 '1,16X'
1474 PRINT USIN6 1424; 'ELE"', 'E/P', 'X-STRESS', 'Y-STRESS', 'XY-STRESS', 'X-S
TRAIN', 'V-STRAIN', '!Y-STRAIN'
1475 PRINT
1476 END IF
1477 NElT I
147B NEXT le10
1479
1480
1481
1482
H83
1484
1485
14B6
1487
1488
14B9
1490
1491
1492
-jP
1493
1494
1495
1496
1497
149B
1499
1500

~
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