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(ABSTRACT) 

This paper presents a static three-dimensional finite element analysis and redesign of a railroad 

hopper car draftsill. The purpose of the work was to modify the current draftsill structure to min-

imize its weight without compromising its current capabilities and foundry production specifica-

tions. The intuitive optimization procedure used both linear and parabolic isoparametric solid fmite 

element models to check for solution convergence. In order to intuitively optimize the models, a 

composite plotting program was developed to display only the highest stresses at each node from 

all loading cases. This allowed for an overall visualization of low stressed regions for potential 

weight reduction. 

An additional study investigated the possibility of tapering the front and rear draftlugs for a 

better stress distribution in the draftsill's structure under loading. It was determined that a tapered 

relief of 0.025 - 0.050 in.(0.0635 - 0.127 cm) from the center of the draftlug to its outer edge would 

more effectively distribute the stresses created, and also reduce the maximum stress levels generated 

by at least 20 percent. All loading and geometry specifications used in this research were based on 

data provided by the Norfolk Southern Corporation. 

If both the redesign and tapered relief are adopted, then the final redesign will produce a 

draftsill that is approximately 106 lb(471.5 N) or 9.6 percent lighter than its original weight with 

maximum stresses reduced by 20 percent. 
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Chapter 1 

Introduction 

For many years mechanical designers have used an evolutionary and conservative method for 

design. If a part failed, it was usually redesigned by adding more material in the area of the failure. 

Recently, with the advent of analysis techniques such as finite elements, it has become possible to 

analyze complicated structures and redesign them to help prevent failure. This technique has also 

provided the capability of redesigning existing components to make them more optimum from a 

weight standpoint. Reducing the weight of any part on a railroad car can only be helpful, as a lower 

weight car can then carry more load and in turn be more economically productive. 

The following paper will present an analysis and suggested redesign to reduce the weight of a 

railroad hopper car draftsill. The draftsill is a cast steel part weighing approximately l, l 00 lbs( 4890 

;-.;) and measuring approximately 6 feet(l.8 m) long and 13 in.(33 cm) square. It is a unit that is 

attached to each end of a hopper car via a long box shaped member called a centersill which runs 

the under length of the car (see Appendix A, Drawing 4). The purpose of the draftsill is to transmit, 

to the hopper car, all loads applied by the draftgear assembly. The draftgear consists of the coupler 

and follower blocks and fits into the draftsill in an area called the draft pocket. The draftsill and 

draftgear are shown in the blueprints and detailed drawings of Appendix A. 
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When initially investigating this problem the approach used was as follows. First the draftsill 

model was to be created using the S.D.R.C. software which had the capabilities to generate three-

dimensional solid finite element meshes for analysis. :Sext, the model was to be analyzed and the 

resulting Von Mises stresses were to be used as a criteria for weight reduction. An iterative process 

was to be incorporated into the modeling procedure to generate a solution convergence. This 

convergence was to be accomplished by the use of mesh refinement in the model and the technique 

of increased element order. In addition to redesigning the draftsill for weight reduction, an investi-

gation into the stress distributions created by the draftgear-draftlug interface was done. The re-

sulting redesign produced was lighter in weight and more efficient in design. 

Chapter 2 discusses the previously published material in the area of manual design optimiza-

tion and solution convergence. Although there was no specific literature relating to draftsill weight 

reduction and design, there were references relating specifically to the manual optimization incor-

porated into this work since the three-dimensional mesh generator was of no use. Theory of the 

finite elements and solution method used is contained in Chapter 3. Chapter 4 gives an explanation 

of the assumptions and manual techniques used in creating the original draftsill model. Modeling 

restraints and loads, as specified, are discussed in Chapters 5, while Chapters 6 and 7 describe the 

redesign iterations and the changes made in each. Chapter 8 contains all of the results as well as 

recommendations and conclusions drawn from this author's study of a railroad hopper car draftsill. 
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Chapter 2 

Literature Review 

At present the Norfolk Southern railroad is trying to adopt the modern tools of today's design 

and analysis technology to an industry that is over a century old. This idea is one that, if success-

fully incorporated, could substantially influence the productivity and efficiency of today's railroads. 

As far as actual application of modern techniques, such as fmite elements, is concerned, there is 

much need because little analysis could be attempted in the early history of the railroad industry 

( l ). Structural requirements were based primarily on past practice. As cars grew in size and ca-

pacity, a greater strength of steel was required and "Rules of Thumb" were replaced by design 

specifications ( l ). It is obvious that the application of the finite element method to the railroads 

is rather new and therefore the majority of the analysis work done is original. 'Ibis is the case with 

this particular project. No previously published material on draftsill weight reduction and redesign 

or for that matter draftsills at all was found. 

Two major areas of the project were covered in this literature review and they are: 

I. the manual construction of the fmite element model and use of increased element interpolation 

order as a solution convergence technique, and 
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2. weight reduction and redesign based on intuitive engineering judgement utilizing output stress 

contours, composite plots and other generated data. 

Construction of the draftsill finite element model was done by manual input since a capable 

three-dimensional mesh generator was unavailable. Since the conversion of the real structure to a 

finite element model is very important and has a very strong influence on the validity and usefulness 

of the final solution (2) specific care had to be taken in the convergence approach used. The 

complexity of the draftsill model dictated that overall mesh refinement would be difficult to incor-

porate on an iterative basis and therefore a method of mesh refinement that did not require the total 

reconstruction of the model was needed. As Mc Nally, Lee and Dehner (I) indicate, a variable order 

element would allow the analyst to vary the order of the polynomial which approximates the ele-

ment's displacement field. This would in effect, produce results similiar to remodeling with a finer 

mesh ( 1 ). It is because of this refinement approximation technique that the draftsill model was 

constructed using linear elements originally. Once the original model was analyzed, midside nodes 

were added to each element in the model to increase the element order and simulate the mesh re-

finement. 

As mentioned in the abstract, the major emphasis of this work was weight reduction. Mini-

mizing the weight of the draftsill was an important consideration in the redesign process because it 

would not only save material, but also increase the load carrying capability of the hopper car. In 

doing so, the possibility of using a three-dimensional shape optimizer would be of great use. Since 

one was not readily available this was done manually. But Imam (3) shows that the capability does 

exist. He indicates that there are two major constraints that must be satisfied for this type design 

tool to be effective, and they are: 

l. Stress Constraints ..... (The stress at any point in the component must be less than the allowable 

stress based on the material properties and some failure criterion.) 

2. Displacement Constraints ..... (The displacement at any point must be within the prescribed 

limits based on the design criteria.) 
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For this project there were no displacement constraints (deflection limitations) which indicates that 

this type of optimizer might have some application if further work is to be considered. 

The next and most important area of review was that of solution convergence. To begin, the 

question "'What criteria is legitimate for solution convergence with respect to this modeling situ-

ation?" was asked. The criteria choosen was that of elemental boundary stress equality and conti-

nuity. Sussman and Bathe (4) best describe this convergence criteria as follows: 

The stresses are discontinuous across element boundaries and the magnitude 

of the "'jumps" between element stresses is a practical measure of how far the pre-

dicted response is from the exact solution. Similiarly, the stress boundary condi-

tions are not satisfied to sufficient accuracy when the mesh is too coarse. As the 

mesh is refined, the stress jumps between the elements and the e"or in satisfying 

the stress boundary conditions become smaller until a sufficiently accurate responce 

is reached. 

Therefore we note that convergence of the finite element solution to the exact 

solution of the mechanical idealization (the solution of the problem-governing dif-

ferential equations that co"espond to the finite element model) can in practice be 

measured using the stress jumps between element boundaries and the e"or in sat-

isfying the stress boundary conditions. When both these stress discontinuties are 

small, the analyst can expect to have obtained an acceptable solution. 

The convergence of the solution is crucial and even more so is the use of the engineering 

judgement that accompanies such conclusions. About this Robinson (2) writes that the subject of 

structural modeling and interpretation of results is not written about enough and demands a book 

of its own. Since this is true, it is vital to remember that the finite element results are for the ap-

proximate model and these have to be interpreted correctly to obtain results which are used for 

designing the real structure. Therefore, in any approximate procedure, the results are only as good 

as the model and the way in which they are interpreted (2). 
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Chapter 3 

Finite Element and Solution Theory 

In any finite element work, the initial step in the overall process is the selection of the proper 

finite element and solver to be used. The selected element must give a realistic representation of the 

structure's degrees of freedom without compromising any of the attributes the actual structure may 

have. For this reason, all models created and studied in this project were constructed with three-

dimensional isoparametric solid linear and parabolic elements. The finite element solver chosen 

must be capable of handling the selected finite element and model size. For this project SDRC's 

linear solver Sl.JPERB met the specified criteria. 

The rest of this chapter is dedicated to some theoretical explanation of the three-dimensional 

finite elements and solver as they were applied to this research project. 
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3.1 Element Developn1ent 

Figure I and Figure 2 show respectively the linear and parabolic elements used in this work. 

As mentioned, the finite element selected for this research project was the three-dimensional 

isoparametric solid. This element has three displacement degrees of freedom (d.o.f) per node and 

is a theoretical expansion of its two-dimensional parent element. Note also that the nodal rota-

tional degrees of freedom are not active for this type of element. 

Cook (5) indicates that for an element to be isoparametric, it must meet the following two 

conditions: 

I. Nodal degrees of freedom {d} dictate displacements {u v w} of a point in the element. Sym-

bolically this can be shown as {u v w} = [Nd]{d} 

2. Nodal coordinates { c} define global coordinates {x y z} of a point in the element. Symbolically 

this can be shown as {x y z} = [Ne]{c} 

where: [Nd] and [Ne] arc the shape functions specified in the natural coordinates ( ~. Tt. ~). 

An element is said to be isoparamctric if the nodal sets of both listed conditions are the same and 

if the matrices [Nd] and [Ne] are the same. In other words, a finite element is isoparametric if the 

element geometry and displacements are defined by interpolating nodal coordinates and nodal dis-

placements with the same interpolation functions [NJ (6). 
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BRICK 

WEDGE 

Figure I. 3-D lsoparametric Linear Solid Finite Elements. 
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BRICK 

WEDGE 

Figure 2. 3-0 lsoparametric Parabolic Solid Finite Elements. 
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3.1.1 Eight-Noded Linear Solid Brick Element 

In defining an isoparametric element, a natural or intrinsic coordinate system is applied to an 

element. This coordinate system is then mapped back to the actual X, Y, Z coordinate system 

through a transformation matrix called a Jacobian. These natural coordinates, as applied to an el-

ement, need not be orthogonal and are not usually parallel to the X, Y, Z coordinate system axes 

(5). The only criteria of the natural coordinates, is that their axes must pass through the midpoint 

of the planes defining each element side and that this plane-axis intersection be at ± l regardless 

of the element size in the global coordinate system. It is sometimes easier to think of the element 

as defined by the natural coordinates as a unit element having a ± l unit length along each axis. 

Figure l and Figure 2 show these natural coordinates as applied to the elements used in this work. 

The orientation of the natural coordinates with respect to the nodes on the element is dictated by 

the assigned node numbering of the element. There is no rule for this application it is usually code 

dependent. 

In the development of an isoparametric element, one must first examine the criteria set in the 

previous section. Definition of the global coordinates and displacements for an 8-noded linear solid 

brick element are respectively: 

[fl = [N]{c} (3. l) 

[:J = [N]{d} (3.2) 

where: 

{ d} = Displacements At Each Node. 
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{ c} = Coordinates At Each Node. 

and 

IN] = The Shape Function Matrix 

-[N1, 
1
0, 0, Ni, 0, 0, ... , Ng, 0, OJ 

= 0, /11 1, 0, 0, Ni, 0, ... , 0, Ng, 0 
0, 0, N1, 0, 0, Ni, ... , 0, 0, Ng 

(3.3) 

For simplicity, the above equations 3.1 and 3.2 can be written as: 

x = "i.,N~i 
y = "i.,NJli (3.4) 

z = "i.,Nizi 

and 

u = "i.,Niui 

v = "i.,Niv1 (3.5) 

w = "i.,Niw1 

The shape functions used are Lagrange type and are functions based on the unit element and 

its natural coordinates (~,rt.~). They are used to calculate the global coordinates and displacements 

of a point on an element when the natural coordinates of that point are inserted into the shape 

function matrix and equations respectively (5). Their displacement field origin comes from the 

polynomial order tetrahedron as shown by Zienkiewicz (7) in Figure 3 and are developed using a 

Rayliegh Ritz solution. The shape functions for a linear solid brick element (Figure 1) are: 
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Figure 3. Polynomial Order Tetrahedron. 
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(3.6J 

where: 

for all nodes on the element 

i = I, 2, 3, 4, ... , 8 

The next step in the development is to create an elemental stiffness matrix [kJ. But as Cook 

(5) shows, this equation is a function of the strain-node displacement matrix [BJ . For a typical 

solid element the general stiffness matrix as formulated from a minimum potential energy approach 

is: 

[kJ = Jv01[B{[EJ [BJ dv (3.7J 

where: 

[£) = Modulus of Elasticity Matrix. 

Since the stiffness matrix is a function of the unknown strain-node displacement matrix, it 

must be found first. To begin solving for the [BJ matrix, one must examine the definition of the 

strain within a three-dimensional solid element. 

{ E} = Strain Matrix. 

Ex 
Ey 

Ez 
{E} = txy = [l/][GJ [3.81 

tyz 

txz 
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where: 

!HJ= 

l,0,0,0,0,0,0,0,0 
0, 0, 0, 0, l, 0, 0, 0, 0 
0, 0, 0, 0, 0, 0, 0, 0, l 
0, 1,0, l,0,0,0,0,0 
0, 0, 0, 0, 0, l, 0, l, 0 
0, 0, l, 0, 0, 0, l, 0, 0 

OU 
ex 
OU 
ay 
OU 
oz 
ov 
ox 

{G} = av 
cy 
OV 
oz 
OW 
ax 
ow 
oy 
OW 
oz 

(3.8.l) 

(3.8.21 

The strain-node displacement matrix [BJ will be derived from the original shape function matrix 

[NJ and once found will produce the elemental strains from the following relation. 

{c} = [BJ{d} [3.9) 

The (BJ matrix cannot be found in terms of X, Y, Z global coordinates because the shape 

function matrix [NJ on which it is based is a function of the natural coordinates(~,,,,~). Therefore, 

a coordinate transformation must take place to allow a successful mapping of the unit element to 

the actual X, Y, Z global coordinates. It is for this reason that the Jacobian matrix is derived in 

terms of natural coordinates. 
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For simplicity, let <p be an arbitrary function of X, Y, Z, later to become a displacement u, v 

or w. Invoking the chain rule produces: 

k = k ax + k ay + k az 
OT] ox OT] oy OT] oz OT] 

in matrix form the above equations are as follows 

k k 
a~ ox 

k = (.I] k 
OT] ay 
k o<p 
·r o.., oz 

where the Jacobian (.I] is defined as 

ox oy oz 
'): o., a~ a~ 

(.I]= OX ay oz 
OT] OT] CT] 
ax oy oz 
•r o.., ·r o.., ·r o.., 

inverting equation 3.11 produces 

k k ox o~ 
k = (1) k oy c11 
k k 
oz ·r o.., 

Finite Element and Solution Theory 

(3.10) 

13.11 I 

(3.12) 

[3.13) 

IS 



where: 

= (DN]{d} 

and using a different form than [ N] 

[DN] = The Derivative Matrix of the Shape Functions 

N1,E,, 0, 0, N2,E,, 0, 0, ... , Ng,E,, 0, 0 

N1, 11, 0, 0, N2, 11, 0, 0, ... , Ng, 11, 0, 0 

N1.<, 0, 0, N2.<, 0, 0, ... , Ng.<, 0, 0 

0, N1,E,, 0, 0, N2,E,, 0, ... , 0, Ng,E,, 0 

_ 0, N1, 11, 0, 0, N2, 11 , 0, ... , 0, Ng, 11 , 0 

0, N 1.<, 0, 0, N2.<, 0, ... , 0, Ng·<· 0 

0, 0, Ni,E,• 0, 0, N2,E,, ... , 0, 0, Ng,E, 
0, 0, N1, 11 , 0, 0, N2, 11 , ••• , 0, 0, Ng, 11 

0, 0, N1 .~, 0, 0, N2.~, .•• , 0, 0, Ng,< 

(3.13.l] 

IJ.13.2] 

(3.13.3) 

where N1, ~ denotes differentation of N1 with respect to ~. etc. It must be noted that for 

X = ~. Y = 11, and Z = ~that I.I] = If] = (I] where (I] is the identity or unit matrix. 

The strain-node displacement matrix [BJ can now be found. Starting with equation 3.8 and 

substituting equation 3.13 into equation 3.8.2 

{c} = [H){G} 
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k 
a~ 

= (H][r) ~ 
011 

now, substituting equation 3.13.2 produces 

~ 
a~ 

{E} = (H](rJIDN]{d} 

which simplified to the form of equation 3.9 shows 

[BJ = [H][rJ[DN] 

(3.141 

(3.15] 

Having found the strain-node displacement matrix and all of its components, the elemental 

stiffness matrix for the isoparametric solid element can be found using equation 3.7. This equation, 

however, must be integrated over the natural coordinates since the [BJ matrix is in that form. When 

applying equation 3.7, it should be noted that the Jacobian determinate IJI expresses the ratio of 

the volume element dx dy dz to d~ dTJ d~ and is in general a function of the natural coordinates. 

A more exact expression for the elemental stiffness is now shown as: 

(3.16) 

which defines the volumetric integration of an element with respect to its natural coordinates. 

Looking at equation 3.16, one realizes that it is too complicated to be solved by hand and 

therefore requires a numerical integration technique. A common technique used in the finite clc-

ment field is Gauss Quadrature. Because this method is integrated over a -1 to + l field it is very 

compatible to the isoparametric elements used in this work. The following equation describes 

mathematically the evaluation process of the Gauss Quadrature method as applied to a three-

dimensional element (5): 
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(3.16.l] 

where W;, Uj, W* are weighting functions who's value is dependent on the number of sampling 

points (Gauss Points) used. 

The derivation of the isoparametric linear solid brick finite element is now complete. The 

above equations are for one element and must now be assembled into a global matrix system with 

the rest of the model's elements for a global solution (6). This solution, which is discussed in detail 

in section 3.2, is based on the following global equation. 

IKJ {D} = {F} IJ.17] 

For stress calculations, a manipulation of Hooke's Law is done to the previously calculated 

strain-node displacement matrix IBJ and nodal degrees of freedom {d}. The stress in an element 

{er} can be calculated from the following general equation: 

{er} = IEJ(IBl{d} - {E0}) + {cr0} (3.18) 

where: 

{ Eo} = The Initial Strain Matrix 

{ cr0} = The Initial Stress Matrix 

The stress is usually calculated at points in the element as specified by the Gauss Quadrature. The 

stress values as shown at nodes are actually an interpolation from these Gauss point values within 

the element. 

The remaining sections will discuss the derivations of the other three elements used in this 

author's research, but are based on the work done above with only minor changes in the individual 

shape function formulations. 
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3.1.2 Twenty-Noded Parabolic Solid Brick Element 

In finite element modeling the use of parabolic brick elements is rather common. These higher 

order elements generate a more accurate solution than their linear counterpart due to the parabolic 

displacement representation. Increasing the order of linear elements to parabolic is a common 

solution convergence tool. 

Once the initial linear element derivation is complete, it becomes a somewhat straight forward 

process to increase the order of an element, that is, provided the element is to remain the same 

shape, i.e., rectangular. In this case, the order is to be increased from linear to parabolic which will 

increase the number of nodes per element from 8 to 20 as shown in Figure 1 on page 8 and 

Figure 2 on page 9. The major reason for creating this increase in element order is that the dis-

placement fields on which the shape functions are based (Figure 3 on page 12) will now be of a 

higher order, thus, allowing a better mathematical representation throughout the element. Another 

reason is that a 20-noded element has approximately the same accuracy as an 8-noded element that 

has been refined into 8 elements (8) (see Figure 4). This increases a model's accuracy without ac-

tually subdividing the true model. These new shape functions, as applied to the parabolic brick, 

are shown by Newton (9) to be: 

( 1 + ~~i)( 1 + TPli)( 1 + ~~i)(~~i + TPl; + ~~i - 2) 
Nz= 8 13.19) 

for the corner nodes i = 1, 3, 5, 7, 13, 15, 17, 19 and 

13.20] 

for the midside nodes i = 2, 4, 6, 8, ........ 18, 20. 

Having developed these new and more accurate elemental-shape functions the only difference 

in the elemental derivation is that there are more shape functions and more degrees of freedom per 
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PARABOLIC BRICK 

APPROXIMATELY EQUAL TO 
EIGHT LINEAR 
ELEMENTS IN THE 
SAME GEOMETRIC SPACE 

EIGHT 
LINEAR BRICKS 

Figure 4. Approximate Equivalence Between Linear And Parabolic Elements. 
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element (60 d.o.f. instead of 24 d.o.f.). Otherwise, the element formulation as discussed in the pre-

vious section will proceed in exactly the same manner. 

3.1.3 Six-Noded Linear Solid Wedge 

When constructing all models, linear solid elements were used. From time to time a solid 

wedge was used intermittantly with the solid brick. This was done because the geometry dictated 

places where it was not feasible to use a solid brick. In doing this, effort was made to minimize use 

of these wedge elements due to the fact that their origin is not of a pure triangular nature. The 

wedge is created by the degeneration of the linear solid brick discussed previously and shown in 

Figure 1 on page 8. The shape functions of the wedge are created specifically by collapsing the 

corner nodes of one side. This is shown in Figure 5. The collapsed nodes then take on the fol-

lowing shape definition. 

• The shape functions of the two nodes to be collapsed are summed to form the new shape 

function for the collapsed node. 

The shape functions for the degenerated linear wedge are: 

for uncollapsed nodes on the wedge i = 1, 2, 4, 5 and 

N6collapsed = N7 + N8 

N3collapsed = N3 + N4 

For the new collapsed nodes N7, N8 , N3, N4 are found from equation 3.21. 

13.211 

(3.221 

The stiffness matrix lkl and element development are exactly the same as that of the eight-

noded linear brick, except each of the collapsed nodes now are defined by the new shape functions 
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Figure 5. Degeneration of Linear Brick to Linear Wedge Element. 
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created in equation 3.22. There is no mathematical difference in their development, but the col-

lapsed wedge does tend to be stiffer than a wedge derived from a triangle. This is due to the fact that 

when the nodes are collapsed their respective shape functions are summed. The use of this element 

is acceptable in a model and will not distort the results if used sparingly. Using a large number of 

these elements together can make the model stiffer than it actually is, therefore, distorting the re-

suits. 

3.1.4 Fifteen-Noded Parabolic Solid Wedge 

The construction of a degenerated parabolic element is done in almost the same way as the 

degeneration of a linear brick element. The only difference in procedure is that there are now 

midside nodes on the element that must be considered. Figure 6 shows the degeneration of a 

parabolic brick to a parabolic wedge. As before, the nodes on the collapsed edges sum, but in ad-

dition, there are now certain nodes on the wedge's base that take on an additional adjustment fac-

tor. Using Figure 6 Newton (9) shows the new shape functions to be: 

where: 

Finite Element and Solution Theory 

N3collapsed = N3 + N4 + Ns 
N8collapsed = N10 + N11 

N12collapsed = N15 + N16 + N17 
N5collapsed = N1 + t!.N1 

N1collapsed = N1 + t!.N7 
N6collapsed = N8 - 2flN7 
N14collapsed = N 19 + t!.N19 

N 10collapsed = N13 + f!.N 19 

N15collapsed = N20 - 2flN19 

(3.231 
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7 8= ( IO+ I I ) 

2 3=(3+4+5) 

WEDGE 
Figure 6. Degeneration of Parabolic Brick to Parabolic Wedge Element. 
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and 

The collapsed subscript indicates nodes modified by the degeneration of the wedge. All nodes on 

the wedge that are not described by equation 3.23 are described by equations 3.19 and 3.20. The 

derivation of this element and its elemental matrices proceed just as before with only the added 

changes of more nodes and more degrees of freedom per element. As it was mentioned for the linear 

wedge, this element should also be used sparingly since it is not of pure triangular origin. 

3.2 Solution Tlzeory 

The solution code used in this work was the linear solver SUPERB which uses a stiffness 

solution method. In a static model the equations created from the individual elements are solved 

globally for the unknown nodal displacements. The matrix form of the solution is expressed as 

before: 

[K) {D} = {F} (3.241 

where: 

[K] = Global Stiffness Matrix 

{ D} = Unknown Nodal Displacements 

{ F} = Externally Applied Nodal Forces 

Note that the global stiffness matrix [K) is created by superimposing all of the elemental stiffness 

matrices created in the previous sections of this chapter. 
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This solution method solves directly for the unknown nodal variables, which are displacements 

for structural analysis (6). All other solution values are then based on the calculated values for the 

nodal displacements. 

A characteristic of the finite element method is that the fundamental unknowns (displace-

ments) are more accurate than any of the entities derived from them. The reason for this is that 

most values derived from the displacements are found through the derivatives of the shape functions 

(6). Examples of this are the calculated stress values which were shown previously to be a function 

of the strain-node displacement matrix [BJ which is based on the derivatives of [N]. 

When actually solving the simultaneous equations of 3.24, SUPERB uses a wavefront solution 

technique. By definition, the wavefront is equal to the number of equations active at any point in 

the solution procedure and is directly proportional to the number of active nodes at that point (6). 

An equation is considered active when it is pulled into the solution process and is not totally solved. 

That is, it still has unknown coefficients. A vital part to this solution process, is that the system of 

equations is taken into the solution process according to the elemental numbering scheme. An 

equation will remain active in the wavefront until each element associated with that equation is 

encountered and processed (6). In other words, the equation is not reduced out of the system until 

all other elements having contact with that particular element are included in the processing. It is 

this element numbering dependence that justifies an optimization of the numbering scheme of a 

model's elements before processing it in a wavefront solver. 
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Chapter 4 

Building of Draftsill Model 

The finite element model to be used was constructed using three-dimensional isoparametric 

solid finite elements. This type of element allowed for the most realistic representation of the 

draftsill possible. Although a good representation of any given structure can be made using finite 

elements, there were many assumptions that were made before the draftsill could be translated into 

this kind of computer model. 

4.1 Modeling Assu111ptions 

When creating the finite element model from the real draftsill, it was necessary to simplify 

certain structural characteristics. These simplifications allowed the computer model to represent the 

draftsill without compromising its true reaction to loading. The following is a listing of the simpli-

fications made to create the original finite element model of the draftsill. 
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• Half symmetry was used since the draftsill was geometrically symmetrical with symmetric loads 

about its vertical centerplane along its length. 

• All filets of small radius were excluded. 

• All top holes were left solid. 

• Side wall pads in the draft pocket were excluded. 

• The 2 1/8 in.(5.4 cm) centersill weld flange connection was left out. 

• The centerplate was modeled as a solid dish protruding 1 1/4 in.(3.2 cm) down from the bot-

tom of the draftsill. 

• The rear walls behind the rear lugs were not tapered inward the small degree specified in the 

blueprint. 

• Holes in the side flange were excluded. 

• The striker face end of the draftsill was modeled by an equivalent C-shaped section that had 

the same approximate moment of inertia as that of the real draftsill striker. 

• Holes in the perpendicular rear wall were left solid. 

• The thin center vertical rib connecting the centerplate and the centerpost was omitted. 

• The rear centerpost was modeled as a solid post. 

• The weld area between the centersill and draftsill was assumed to be a rigid connection. 

• The centerplate was originally assumed to always be in contact with the truck unit. 
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These assumptions listed may be many, but they seem reasonable for an adequate model and 

are a vital part of the finite element modeling technique. Many of the items listed could have been 

included in the finite element model, but this would have defeated part of the purpose of the tech-

nique. This purpose being to model and analyze a particular structure in a reasonable amount of 

real time without compromising the solution accuracy of the model. Including all of these items in 

the finite element model would have increased both the complexity and creation time of the model 

without gaining much refined accuracy in the results. 

4.2 Building Teclznique 

Once the modeling assumptions were identified, a technique for the actual construction of the 

finite element model had to be decided on. It was originally thought that the model could be con-

structed using the ENHANCED MESH GENERATOR provided in the SDRC I-DEAS 2.5 

software, but because of the complexity of the draftsill this generator in three dimensions proved 

useless. It was later found that this particular version of the mesh generator was not capable of 

handling the particular type of solid fmite element this project was to use. 

The alternative method was to build the fmite element model by manual defmition. This 

process was slow, but did have the advantage of allowing good control for element size and shape 

creation. The steps used to create the draftsill models were as follows: 

I. Sketch the desired fmite element model on paper to see that it meets the desired size and shape 

needed. 

2. Identify from the draftsill blueprint the appropriate global coordinates for positions of the 

nodes on the model. 
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3. Input nodal coordinates to software. 

4. Use the software to copy and translate nodes, thus creating all additional nodes needed in the 

model. 

5. Manually use the cursor to connect appropriate nodes and construct either linear solid bricks 

or linear solid triangular wedges. 

The completed original finite element model is shown in Figure 7, Figure 8 and Figure 9. It was 

composed of 628 nodes and 302 linear solid finite elements. 

Once a linear finite element model had been created, a parabolic model was created by auto-

matic addition of midside nodes to each existing linear element. This allowed all original linear el-

ements to now function as parabolic elements with more accurately represented properties as 

discussed in Chapter 3. The element division in the model remained unchanged with this new in-

crease in element order, but the number of nodes increased from 628 to 2170. The completed 

parabolic finite element model is in appearance the same as its linear counterpart (Figure 7 , 

Figure 8 and Figure 9) with the exception of the additional midside nodes that are applied to the 

elements. It should be noted that because of the increase in the number of nodes, the visual pres-

entation of the model showing its nodes would be very cluttered. 

4.3 Model Checking 

On completion of the construction of the finite element models it could not be assumed that 

they were correct. It was, therefore, necessary to use the tools that could check a model for errors. 

The use of such tools and their feedback have allowed a feeling of confidence in the original models 

created. There were five major model checks done. 
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Free Edge: This model check calculated and sketched all edges of any elements in the model that 

were not connected to another element. It was used to show whether all edge boundaries of the 

model were correct. This check is shown in Figures 10 and 11. 

Distortion: In finite element modeling it is important that the obtained solution is an accurate, 

numerically-converged solution. Each finite element plays a role in the convergence of that sol-

ution. This is why element distortion is important and is always deserving of attention. Elements 

in a finite element model should follow these listed guidelines for best results: 

• Change size from one element to the next by using a smooth transition, not sudden size 

changes from small to large and vise versa. 

• They should not exceed a 4 to 1 geometric aspect ratio. That is, an element should not be 

greater in any direction than 4 times the length of any other direction on the element. 

• Elements should be kept as close to square for solid bricks and equilateral for triangular wedges 

wherever possible. 

:--:ot following the above-mentioned guidelines can cause numerical error and inaccurate con-

vergence of the finite element solution. Without a check for distortion, a solution will be given but 

confidence in that solution cannot be justified. 

Mathematically, the distortion of an element was checked using the following criteria (6). 

where: 

DP = Distortion Parameter 

DP= 8[ mini JI ] 
VOL 

min I JI = Smallest Determinant In Element Domina 
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and 

The lowest determinant value approaches zero as the element distortion increases becoming equal 

to zero at points of extreme distortion. The distortion parameter ranges from 0 to I and if found 

to be less than 0.2, experience shows that the element will yield poor results (6). SUPERB rejects 

any models with elements having a distortion parameter less than 0.2. 

Weight: Another technique used to check the finite element model to see if it accurately represented 

the actual draftsill, was to compare the calculated weight of the computer model with that of the 

real draftsill. Applying an acceleration load to the model produced a weight of 464 lbs(2060 N) for 

the symmetrical draftsill. This means that the actual weight of the computer model was 928 

lbs(4130 N). The real weight of the draftsill, as specified by Norfolk Southern, was approximately 

1100 lbs( 4890 N). This indicated a difference of 172 lbs(756 1') which partially could be accounted 

for in the modeling assumptions mentioned in the previous section. Accounting for some of these 

assumptions put approximately 60 to 70 lbs(267 to 311 N) on the model, thus bringing its weight 

up to approximately I 000 lbs( 4450 N). Being this close to the approximated weight figure given 

generated a confidence in the model as it was initially constructed. 

\Vavcfront: In this check the preprocessing of the model was done in such a manner that all nodes 

and elements were numbered in a wave form. This helped to reduce the solution wavefront and 

increase the solution accuracy by decreasing the number of active simultaneous equations being 

solved. Equations remain active in the wavefront until each element associated with that equation 

has been processed. After processing, equations are then reduced out of the system. In other 

words, the wavefront describes the size of the solution process at any given time (6), so decreasing 

the wavefront reduces the chance of numerical error. 
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Element Shrink: The purpose of this check was to detennine if any voids were created during the 

construction of the model. When all of the finite elements were displayed it was very difficult to 

detennine if there was any material that was actually unaccounted for by an element. For this 

reason the element shrink check was used. It presented a graphic image of all the finite elements 

that had been created where each element had been slightly decreased (shrunk) in size therefore 

exposing any areas that did not have an element in them. 

This check was especially helpful when modifying the centerplate because of the detail and poor 

visibility of the elements. An example of this check as applied to the rear of the first redesigned 

model is shown in Figure 12. 
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Chapter 5 

Modeling Restraints and Applied Loads 

Once the finite element model was created, it was necessary to identify the proper modeling 

restraints that would give the model a realistic representation of its true environment. This was a 

step of crucial importance. An error in applying restraints can cause a model to act in a manner that 

is unrepresentative of its real environment, therefore, distorting all results and invalidating the finite 

element study. 

Restraints are applied to nodes and are used to restrict any of the possible degrees of freedom 

for that node. The degrees of freedom for the particular kind of finite element used in this study 

were X, Y and Z displacements as previously discussed. Restraining any of these degrees of freedom 

would result in a zero displacement for the restrained direction of the node selected. 
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5.1 Description of Restraints 

For this study, three major restraint planes were needed to represent the original draftsill model 

as it existed in its true environment. The first was that the model was symmetrical about the X-Y 

plane and therefore had to be restrained from any motion through that plane in the Z-direction. 

The second was the connection to be maintained at the centersill. Since this connection was a weld, 

and assumed rigid, all nodes on this Y-Z plane were restrained from any X, Y or Z motion. The 

third major plane of restraint was in the X-Z plane along the ¥-direction where the centerplate 

met the truck unit. This surface for the original model was assumed to always remain in a situation 

of constant contact, thus justifing this restraint condition. 

It should be mentioned that these same restraint conditions were applied to all of the parabolic 

models where each of the new midside nodes that corresponded to any of these restraint conditions 

were likewise restrained. In theory it appears easy, but when the parabolic model has 2170 nodes 

it is not very efficient to try and select each node to be restrained from the screen. For this reason 

a RESTRAI~T CREATION program (see Appendix 8) was developed to search the model's 

nodal coordinate data for those nodes that have global coordinates on the planes of restraint. The 

program was used on all of the parabolic models and later applied to the linear models to be used 

as a restraint checking device. For the original parabolic model there were approximately 450 nodes 

identified to be on the restraint planes. 

5.2 Description of Applied Loads 

In this project the load cases to be applied to the draftsill model were specified by Norfolk 

Southern Corporation. There were five prescribed load cases. These load cases were: 
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1. Draft Load -- Representing the load generated when the hopper car is being pulled by another 

car. 

2. Compressive End Load •· Representing a load generated by another car pushing against the 

hopper car. 

3. Vertical Load ·· Representing the structural weight of the hopper car as it is applied to the 

draftsill through the bolster beam. 

4. Carbody Lift ·· Representing the lifting of a car using the coupler as the point of lift. 

5. Downward Vertical Load -- Representing the load created if the draftgear does not meet the 

connecting car coupler correctly and is forced downward. 

These five load cases as applied to the draftsill are represented more clearly in Figure 13. This 

figure presents a general overview as to how each load case was applied to the draftsill. 

The load magnitudes specified in this report are for the symmetrical finite element model and 

therefore are 1/2 the true magnitude that would be applied to the whole draftsill model. Also, all 

loadings were applied as pressures to the element faces. Applying loads as pressures allowed the 

analysis program to calculate and properly load each node on the element face with the appropriate 

nodal force value that was to be inserted into the force matrix used in the solution method discussed 

in Chapter 3. This type of load application was done for both the linear and parabolic finite element 

models created. The following is a detailed explanation of each applied load case and its specified 

application criteria. 
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630,000 
(2800) 

I ,000,000 
(4450) 

127 ,300 1 (566) 

I 07 ,300 I (50 I) 

LOAD VALUES SHOWN ARE FOR WHOLE DRAFTSILL 
IN POUNDS (KN) 

LOAD CASE I 
DRAFT LOAD-(PULLING OF CAR) 

LOAD CASE 2 
CCMPRESSIVE END LOAD-(PUSHING OF CAR) 

LOAD CASE 3 
VERTICAL LOAD-CCAR WEIGHT) 

242,000 
( I 080) 

LOAD CASE 4 
CARBODY LIFT-CLIFTING OF COUPLER) 

l 1~3~00 ~4) 

LOAD CASE 5 

\..___~/ 

DOWNWARD VERTICAL LOAD-CDOWNWARD FORCE 
ON COUPLER) 

f57,300 
(255) 

Figure 13. Overview of Loading to Draftsill. 
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5.2.1 Draft Load 

This load case simulated the pulling or tensile load created by another car and was specified 

as follows: 

• Apply 315,000 lbs(l400 kN) to the front draftlugs. (630,000 lbs(2800 kN) total) 

• Restrain the draftsill at the centersill weld attachment. 

• Apply the load to the draftlug according to the draftgear follower block contact area. (see Ap-

pendix A, Drawing 3) 

When this load case was applied, it was decided that a uniform pressure of 11,030 psi(76 MPa) 

be applied from the top to the bottom of the draftlug. This load case is shown in Figure 14 which 

presents a visualization of the pressures and their application to the front draftlug. The pressures 

are represented by arrows that are shown normal to the face of the element to which they are ap-

plied. A more refined study of the pressure distributions, applications and recommedations is 

shown in Chapter 8. 

5.2.2 Compressive End Load 

This load case was representative of another car pushing or compressively "bumping"' the hopper 

car. The load case was specified as follows: 

• Apply 500,000 lbs(2220 kN) to the rear draftlugs of the draftsill. ( 1,000,000 lbs( 4450 k~) total) 

• Restrain the draftsill at the centersill weld attachment. 
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• Apply the load to the rear draftlug according to the draftgear follower block contact area. (see 

Appendix A, Drawing 3) 

This load case was applied as a pressure of 16,630psi(115 MPa) over the appropriate contact 

area specified by the draftgear follower. The application of this load case is shown in Figure 15. 

Here the pressure, represented by the arrows, has been confined to the actual area of application 

unlike load case I . 

5.2.3 Vertical Load 

This load case was the most difficult to apply to the model. Only after redesign iterations did 

it become apparent as to the proper way to represent this load. The specified load was: 

• 121,000 lbs(538 kN) were to be applied to the top of the draftsill. The load was to be located 

above the centerplate and distributed over the body bolster beam contact area. (242,000 

lbs( 1080 kN) total) 

The load was applied as a pressure of 1,947 psi(l3 MPa) to the top surface of the draftsill. 

Although this was an incorrect application of the load, it provided an approximate magnitude of 

the stress levels in the original model. For the final model created, this load case was applied si-

multaneously with each load case l, 2, 4, 5. It was applied by adding elements to the top of the 

draftsill which represented the bolster beam and the cover plate. The applied load is shown in 

Figure 16. 
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5.2.4 Carbody Lift 

This load case was representative of a lifting force applied to the striker face of the car. The 

load case was specified as follows: 

• Apply 63,650 lbs(283 kN) vertically upward on the striker face. Distribute the load over a 3 

in.(7.6 cm) width and 1 in.(2.5 cm) depth from the plane of symmetry. (127,300 lbs(566 kN) 

total) 

• Simultaneously apply 10,500 lbs(467 kN) downward on the keyslot. Distribute the load from 

a point 13 3/4 in.(34 cm) back from the striker to a point 7 3/4 in.(20 cm) back from the striker. 

(21,000 lbs(934 kN) total) 

• Restrain the draftsill at the centcrplate. 

• Restrain the draftsill at the weld attachment to the centersill. 

The load was applied as a pressure of 10,610 psi(73 MPa) upward on the striker and a pressure 

of 664 psi(5 MPa) downward on the keyslot. This load case application is shown in Figure 17. 

5.2.5 Downward Vertical Load 

This load case simulated a large downward force on the coupler. The specified load was as 

follows: 

• Apply 56,350 lbs(250 kN) downward to the top surface of the coupler carrier. Distribute the 

load over a width of 3 in.(7.6 cm). (107,300 lbs(SOl kN) total) 
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• Simultaneously apply 28,650 lbs(l27 kN) upward to the keyslot from a point 13 3/4 in.(34 cm) 

back of the striker to a point 7 3/4 in.(20 cm) back from the striker. (57,300 lbs(255 kN) total) 

• Restrain the draftsill at the centerplate. 

• Restrain the draftsill at the weld attachment to the centersill. 

The load was applied as a pressure of 8,942 psi(61 MPa) downward on the coupler carrier and 

a pressure of 1,811 psi(l2 MPa) applied upward on the keyslot. This load case, as applied, is shown 

in Figure 18. 
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Chapter 6 

First Analysis Iteration 

Once the original draftsill model was completed, loaded, constrained, and analyzed, the first 

iteration step in the convergence of a solution was taken. This step was to make changes in the 

original finite element model that would make it more representative of the actual environment in 

which it exists, while simultaneously making redesign improvements. Any design changes to be 

made were in areas where the solution values showed no critical concern. That is, the stress levels 

were low enough to warrant any redesigns done to a particular area of the draftsill casting. The rest 

of this chapter will discuss the redesign improvements made to the original finite element model and 

will specifically list the changes made to increase the models realism with respect to its environment. 

At this point it should be noted that all modeling results will be discussed, in full, in Chapter 8 after 

all models and their modifications have been presented. 
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6.1 Changes Made to the Original Model 

The original model of the draftsill was a good starting point for analysis, but certain charac-

teristics of the draftsill's actual environment on the hopper car were shown to play more of a role 

than was originally modeled. lbe following is a listing of the changes that were made to make the 

original finite element model more realistic. 

• lbree linear spring finite elements were applied to the top of the draftsill to represent the load 

absorption capabilities of the angle iron cross member (not bolster beam) that rests on top of 

the draftsill just above the keyslot. 'Ibe stiffness of these elements was calculated from a total 

hopper car model and found to be 939lbs/in.(1640 N/cm). 

• The centerplate dish which was originally modeled as a 1 1/4 in.(3.2 cm) solid on the bottom 

of the draftsill was remodeled. This remodeling included the 45 degree ribs inside of the dish 

and also its true height down from the bottom of the draftsill. The new depth of the centerplate 

was 3 5/16 in.(8.4 cm) as specified on the blueprints. (see Appendix A) 

• The holes in the top of the draftsill were included, but were also enlarged since the stresses 

initially appeared to be low in those areas. Only the front hole was not made larger than was 

specified. 

lbese changes mentioned allowed the model to more accurately represent the draftsill as it exists 

on the hopper car. 

Other additional changes were also incorporated into this first iteration step, except they were 

done with the intention of redesigning the draftsill. These changes were: 

• As mentioned, the top holes were included and opened up larger than they actually were. They 

were made approximately 3.5 times larger than previously specified. Tills was done to help 
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reduce the weight of the draftsill. The remaining center piece of metal between the two holes 

on the top of the draft pocket was left there due to foundry specifications. 

• Another modification made was the deletion of some of the rear ribs. The ribs deleted were 

those ribs that were perpendicular to the vertical wall which contained the rear centerpost. 

There were ribs on both sides of the centerpost and, therefore, all were deleted. 

All of the modifications made, be they for the purpose of increasing the realism of the model or 

redesigning it, can be seen in Figure 19, Figure 20 and Figure 21. These figures show the side, top 

and bottom views of this first iterative model. It can be compared to the original model shown in 

Figure 7 on page 31, Figure 8 on page 32 and Figure 9 on page 33 to see the changes made more 

vividly. 
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Chapter 7 

Second and Final Analysis Iteration 

Having completed and analyzed the original and first iterative models, a third model was cre-

ated to move towards two major objectives. The first being to make the finite element model of 

the draftsill as realistic as possible. The second was to correct any flaws in the redesigns done and 

move toward a lighter and more structurally efficient draftsill casting. Another separate study done 

after this final analysis iteration was a draftlug pressure redistribution study. Here the applied 

pressures were studied for a possible alternative loading form (if needed) that would be more ef-

fective in transmitting these applied loads to the draftsill casting. 

7.1 Changes Made to the First Iterative Model 

On this final finite element model there were many changes made. Most of these changes made 

were modifications in which the fmite element model was redesigned to reduce the weight of the 

draftsill without increasing the internal stresses of the casting by a substantial amount. The follow-

Second and Final Analysis Iteration 59 



ing is a listing of the modifications made to create the final design of the draftsill. These changes 

were dictated by the stress results obtained from the first iterative model: 

• The rear vertical wall located perpendicular to the sidewalls and above the centerplate was re-

moved from the top of the draftsill to the top of the lower rib behind the rear draftlug. 

• The two rear ribs behind the rear draftlugs were tapered into the sidewall. The taper started 

at the point where these ribs began to curve toward the center of the casting and tapered line-

arly to a point inside the sidewall where the sidewall and vertical wall, in which the center post 

is attached, formed a comer. For a more detailed visualization see Appendix. A. 

• All rear ribs that perpendiculary stuck out of the sidewall behind the center post vertical wall 

were deleted. That is, the draftsill was modified to eliminate all ribs behind the center post. 

• The rear top hole, which was located slightly behind the rear draftlugs, was found to have an 

increased stress value when analyzed in the last model. Because of this, its increase in size was 

reduced to the size of the hole specified in the blueprints. 

• Because of the low stress values found around the front top hole, which is located above the 

keyslot area, it was enlarged to be slightly bigger (2 times) than was originally designed. 

• A number of elements were added to the top of the finite element model in a position directly 

above the rear center post area. This was done to accurately model load case 3 (Vertical Load), 

which until now had produced low stress values even when modeled as a uniform displace-

ment. The elements were added to represent the cover plate and bolster beam members that 

rest on the top of the draftsill. Sec Figure 16 on page 48 in Chapter 5 for this application. 

• To make this model reflect as much of the draftsill's true environment as possible, the appli-

cation of load case 3 (Vertical Load) was applied simultaneously with each of the other applied 

load cases. This was done due to the fact that load case 3 was a constant load that realistically 
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represented the hopper car weight. This weight, which was transmitted through the bolster 

beam and coverplate, was applied on top of the draftsill above the centerpost. 

• The applied pressure on the front draftlug (load case l) was removed from the lower part of 

the draftlug to more accurately represent the loading area between it and the draftgear. The 

applied pressure was increased from ll,030 psi to 11,860 psi(76 MPa to 82 MPa) to keep the 

same specified load magnitude. 

The above modifications in the finite element model were made and then analyzed using both 

linear and parabolic elements. This new model is shown in Figure 22, Figure 23 and Figure 24 

which show all of these discussed changes. The results obtained from this model are shown in the 

next chapter and are presented in such a manner that all modeling results can be reviewed and 

compared simultaneously. 

7.2 p,.essure Redistribution Study 

Once the entire finite element model had been analyzed and redesigned, a more specific study 

involving the applied pressures to the draftlugs was done. The purpose of this study was to try to 

create a possible alternative to the existing mating surface between the draftlug and draftgear. This 

possible alternative should have theoretically redistributed the stresses created from the draftlug load 

cases such that they were distributed closer to the sidewall of the draftsill casting. This would reduce 

the localized high stresses occuring on the ribs both in front and back of the front and rear draftlugs 

respectively. 

The pressures were redistributed and studied specifically on the front draftlug due to the fact 

that this load case needed modification already. In addition to the already discussed changes for this 

iterative model, there were three different pressure load situations applied. The specific applications 
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of this load study are shown in the next chapter as well as any other results and recommendations 

for a more effective load distribution at the draftlug-draftgear interface. 

7.3 Other Clza11ges Studied 

Once the project had come to a near finish there were some ideas that were generated that 

needed to be considered, but due to the time constraints put on this research project they could only 

be looked at briefly. These ideas and their findings were: 

l. To release the vertical (Y - direction) restraints that were applied at the centersill connection. 

This was thought to be a more representative constraint criteria especially for the vertical 

loading situations. This change was made and the final model was analyzed only to find that 

this restraint change generated no difference from the previous solutions obtained. It is worth 

noting at this point that if the draftsill encounters any motion which causes the centerplate to 

loose contact with the truck unit, i.e., a rocking motion, the draftsill might generate high 

stresses in the area of the centerplate due to the concentration of the vertical load, but this is 

not conclusive. 

2. Stresses due to the hopper car rocking from side to side. For this part a brief look at the 

centerplate was done by releasing the restrained nodes on the centerplate that appeared to be 

pulling away from the truck unit under load. This was done for each of the load cases, but 

there was no apparent large change in results. 

3. A large load was applied to the striker face to simulate impact of the draftgear on this area. 

The load applied was 1,000,000 lbs( 4450 kN). The resulting stress values were disastrously 

high indicating that if this type of load is generated the draftsill will fail. 
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Chapter 8 

Results and Conclusions 

Having completed all discussions of the modifications and steps made to reach a final redesign 

model of the draftsill, it is now appropriate to show all of the important results and data obtained 

while analyzing these models. It is hoped that by using this format the reader will be able to get 

more of an understanding as to the continuity of the whole iterative process used in this research. 

In this research project a final redesign model of a draftsill casting was created. This final de-

sign incorporated a total weight reduction of 106 lbs(472 N), per draftsill casting, while remaining 

structurally sound. The design created is based upon the original draftsill design, but particular 

areas, considered to be overdesigned, were removed or modified to increase the efficiency of the 

casting. Also included in this work was a detailed study of the applied draftlug loading situations. 

This analysis found that tapering the draftlugs 0.025 - 0.050 in.(0.0635 - 0.127 cm), where they 

contact the draftgear, would distribute the load more effectively throughout the casting. 

In this chapter a variety of topics will be discussed and presented. The major topics are the 

comparision of the composite plot data of the original and final draftsill designs, the weight re-

ductions made in the draftsill casting, the modeling results for each model, the pressure rcdistrib-

Results and Conclusions 66 



utions recommended, and a justification of the results obtained. All of this will then be followed 

by a brief conclusive description of the project. 

8.1 Composite Stress Plots a11d Results 

During the course of this research, there was a need for a way to present simultaneously the 

results of the multiple applied load cases relative to each other. To do this a computer code was 

written to extract from the multiple case solution stress data the highest stress values for each node 

(see Appendix B). This was done via the following procedure: 

l. The stress values for each node (oz, o,, oz, •zy• •,., •u) of each element corresponding to each 

load case were read into the program. 

2. These nodal stress values from connected elements were then averaged for each separate load 

case and then stored. 

3. The average stress values (om, o, ... o.,,., •z,..• •,. .. , •u .. ) at each node for each load case were 

then used to compute five Von Mises stress values for that node as it occured in each of the 

load cases. The highest Von Mises value was then selected and the corresponding stresses that 

represent that value were stored. 

4. All of the stored nodal stress values were then treated as one load case and presented as a 

COMPOSITE STRESS PLOT. This Composite Stress Plot is a combination of the highest 

stress levels seen by each node for any load case. 

Figures 25 through 36 show the composite plots for the original and final draftsill designs. These 

plots use only three contour levels so as not to clutter the figure. The intention is that these stress 
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plots show areas of possible concern so the stress levels shown begin at values of 50,000 psi(345 

MPa). 

Figures 25 through 27 and 31 through 33 show specifically the high stresses generated in the 

draftlug regions for both the original "and final draftsill models. In general this region is where the 

maximum values were consistantly occuring. Note that in both models the critical regions appear 

in the support ribs which connect to the draftlugs. Also note the high stresses generated in the 

lower comers between the draftlugs and the lower ribs. 

Figures 28 and 34 present the top views of the original and final models. Here the important 

areas to notice are the outer flange just behind the rear draftlug and the front of the keyslot where 

it meets the sidewall. 

Figures 29 and 30, 35 and 36 show an unexpected result. There is an area of high stress located 

where the centerplate meets the lower surface of the draftsill approximately 45 degrees off center. 

'Th.is is shown to be a result of load cases 4 and 5 which are discussed in more detail in a later sec-

tion of this chapter. 

Note that when comparing the original and final designs of the draftsill, the stress plots show 

similar contours which indicates that the stress levels in the draftsill do not change by a significant 

amount due to the design changes made. This then justifies the conclusion that the general integrity 

of the draftsill has not been compromised. It must be noted at this point that if the draftsill is ex-

posed to the design load magnitudes used for this research, then the draftsill will most definitely 

have some local yielding in the high stressed regions. 
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8.2 Weight Reduction Results 

One of the major goals of this analysis and redesign procedure was to create a redesigned 

draftsill that was lower in weight without compromising the current stability of the structure. The 

actual draftsill casting weighs approximately 1, 100 lbs( 4892.8 N) so reduction of any weight from 

this member would be of substantial importance because there are two draftsill castings on each 

hopper car. If a train is made up of a large number of cars, the reduction in weight could add up 

to a large figure, which in tum would translate into larger load-carrying capability. 

Table l presents the calculated weights for each of the iterative steps done in this research. 

Note that the weight of the parabolic models is the same as that of a linear model since there had 

been no change in the element construction. The total reduction in weight is approximately 106 

lbs(471.5 N) for a whole draftsill casting. This value is a 9.6 percent reduction from the original 

draftsill weight and may seem small but, as an example, take a 50 car train and subtract off this 

weight and one finds that the train can now carry an additional 5 tons(4536 kg). 

Table I. Calculated Weights of Models in Pounds (Newtons). 

:'vtodel Type Original Redesign I Redesign II 

I) Symmetrical Models 463 438 410 
(2060) ( 1950) ( 1820) 

2) Whole Models 926 876 820 
(4120) (3900) (3650) 

Total Weight Reduction = I 06 ( 4 72) 
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8.3 Modeling Results 

In this section all of the critically stressed areas of the finite element models analyzed will be 

compared sequentially to show continuity and convergence. All of the data is presented in tabular 

form showing for each load case the stress levels for certain described locations on the draftsill. The 

stress values studied were Von Mises stresses and were selected as the output type because they take 

into account all three dimensions of stress. Since the models studied were three dimensional, using 

Von Mises stresses made for a clearer representation as to what was actually happening within the 

draftsill models. Another reason for selecting this theory was that it is the best failure theory for 

ductile metals and will indicate the initiation of yielding ( 10). Mathematically the Von Mises 

stresses were calculated as follows ( l 0): 

{crvm} = VON MISES STRESS 

(8.1) 

where: 

When using the Von Mises stresses for output one must realize that their value is a scalar quantity 

and, as such, it has no directional properties. For this reason, particular stress directions will not 

be discussed in this work. 
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8.3.1 Load Case One Results 

Table 2 describes the results of load case one, the simulated pulling of the hopper car. There 

were seven positions on the models that consistantly showed higher stress values. Of all these po-

sitions listed, there appear to be only two that showed a large break from solution convergence. 

They were positions l and 3. An explaination for these high stress levels, as seen on the final model 

and the first model, is that they occurred only when parabolic elements were used and were also 

restricted to very small areas when seen. This would tend to indicate that some local yielding and/or 

stress concentration was occurring. figure 37, Figure 38 and Figure 39 show these locations and 

stresses as they occurred in the last model analyzed (the final redesigned model). 

The results of this load case were produced using the loading situation discussed in Chapter 5 

which was the basis for a pressure redistribution study that is shown in a later section of this 

chapter. 
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Table 2. Load Case One Results, Stresses in kpsi (MPa). 

Position on the Original Original Redesign I Redesign II Redesign II 
F.E. Model Linear Parabolic Linear Linear Parabolic 

1) Keyslot ribs on the 
striker face side of 34 91 35 31 96 
the front draftlug, (234) (627) (241) (213) (661) 
where the ribs change 
to a flat slope 

2) Mating corner edge 
of the sidewall and 34 50 35 31 45 
outer flange in the (234) (344) (241) (213) (310) 
draft pocket (inner 
edge) 

3) Bottom inside corner 
between the front 41 90 42 37 80 
draftlug and sidewall (282) (620) (289) (255) (551) 
(in draft pocket) 

4) Vertical center of 
the front draftlug 34 35 35 31 33 
toward the outer edge (234) (241) (241) (213) (227) 
of its face 

5) Top surface of the 
draftsill near the 25 30 28 31 33 
top holes which are (172) (206) ( 193) (213) (227) 
above the draft pocket 

6) Outer edge area 
of the outer flange 34 40 35 31 35 
at a position behind (234) (275) (241) (213) (241) 
the rear draftlug 

7) The diagonal area 
in the sidewall 41 60-90 42 37 50 
located between the (282) (620) (289) (255) (344) 
hole and bottom corner 
of the front draftlug 
(in the draft pocket) 
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8.3.2 Load Case Two Results 

Recall that in this load case the draftsill was being loaded to represent the hopper car being 

pushed by another car. The stresses generated were shown to remain very localized. Table 3 dis-

plays the three areas where the stress was concentrated and the levels to which it rose in each model. 

It should be noted that this load case generated the highest stress values of all the applied loads. 

The stress values obtained were extremely high which would tend to indicate localized yielding or 

failure in the rear ribs. Since this has not shown to be a problem area in the past, it must hold true 

that the draftsill casting does not actually encounter this magnitude of loading and, if it does, then 

only local yielding must be taking place. A more detailed visual understanding of the locations of 

these high stresses is shown in Figure 40, Figure 41 and Figure 42 which show the positions of the 

tabulated Von Mises stresses as they were generated on the final redesign model of the draftsill. 

Table 3. Load Case Two Results, Stresses in kpsi (MPa). 

Position on the Original Original Redesign I Redesign II Redesign II 
F.E. Model Linear Parabolic Linear Linear Parabolic 

I) The two rear ribs in 
the sidewall behind 
the rear draftlug. 
top rib----- 61 99 60 63 80 

(420) (682) (413) (434) (551) 

bottom rib----- 61 99 60 53 80 
(420) (682) (413) (365) (551) 

2) Bottom rib at a 
position just behind the 61 99 60 64 100 
rear draftlug (420) (682) (413) (441) (689) 

3) Area in the rear side 
wall where the sidewall 30 28 30 32 35 
and the perpendicular (206) ( 193) (206) (220) (241) 
wall going to the 
centerpost meet 
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8.3.3 Load Case Three Results 

Since this load case was superimposed onto all load cases for the last models created, it is no 

longer studied as an independent loading. Its effect is now accounted for in the results shown for 

Redesign II models listed in the tables of this section. Tills loading is not an applied load that is 

best analyzed independently because it is a constant loading situation as discussed before. 

When looking at the stress magnitudes found from analysis of this loading as an independent 

load case the maximum stress levels were between 10,000 psi(69 MPa) and 18,000 psi(l24 MPa). 

When compared to the stress magnitudes produced in the other load cases this load case showed 

low stress values. The technique used to produce these results was the application of a uniform 

displacement to the upper surface of the draftsill where the bolster beam and coverplate make 

contact. 

8.3.4 Load Case Four Results 

Here the draftsill was loaded to represent the hopper car being lifted by the coupler. In this 

load case the draftsill appeared to react like a beam and as such the majority of high stresses 

produced were at positions furthest from the centroid of the cross-section. Other regions of high 

stress were produced locally in areas where the loads were actually applied. Figure 43, Figure 44 

and Figure 45 show the positions of interest in Table 4 as they correspond to the final draftsill 

model. Note here that there is a high stress region generated at the outer edge of the centerplate 

(position 2). Tills region of high stress may partially account for some of the failures that have 

occured in the past in this area of the draftsill. 
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Table 4. Load Case Four Results, Stresses in kpsi (MPa). 

Position on the Original Original Redesign I Redesign II Redesign II 
F.E. Model Linear Parabolic Linear Linear Parabolic 

1) Top surface of the 
draftsill above and 44 39 61 34 39 
behind the rear (303) (268) (420) (234) (268) 
draftlug(near the top hole) 

2) Rear bottom of the 
draftsill near the 44 65 51 50 78 
centerplate and (303) (448) (351) (344) (537) 
toward the sidewall on the 
frontend of the centerplate 
( 45 degrees off center) 

3) Bottom edge of the 
draft pocket 
where the rear 55 65 52 50 65 
draftlug, sidewall and (381) (448) (358) (344) (448) 
outer flange meet 

4) Lower rear rib at the 66 68 61 50 52 
center of its curvature (455) (468) (420) (344) (358) 

5) Upper corner where the 
striker face meets the 55 78 51 50 78 
vertical sidewall (381) (537) (351) (344) (537) 

6) Outer edge area 
of the outer flange 44 55 42 42 54 
at a position behind (306) (379) (289) (289) (372) 
the rear draftlug 

7) Mating outer edge 
between the sidewall and 44 52 42 42 53 
outer side flange at the (303) (358) (289) (289) (365) 
rear of the draft pocket 
(on the outside surface) 

8) Top surf ace of the 
draftsill above the 34 39 41-51 42-50 60 
draft pocket (234) (268) (351) (344) (413) 
(near top holes) 

9) Front of keyslot 30 78 32 34 78 
in the sidewall (206) (537) (220) (234) (537) 
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8.3.5 Load Case Five Results 

Recall that in this loading situation the draftsill was being loaded with a downward vertical 

load to represent a large force applied to the coupler. The stress results were relatively low and 

consistant. They showed good convergence with all models and produce only small areas of high 

stress. Figure 46, Figure 47 and Figure 48 present the positions described in Table 5 as they apply 

to the final draftsill model. l"\ote that positions 5 and 9 show the highest stresses, but note also that 

these are the positions of the load application and as such one would expect a high localized stress 

region, especially since the specified load magnitudes are so large. 
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Table S. Load Case Five Results, Stresses in kpsi (MPa). 

Position on the Original Original Redesign I Redesign II Redesign II 
F.E. Model Linear Parabolic Linear Linear Parabolic 

l) Top surface of the 
draftsill above and 2S 2S 3S 18 27 
behind the rear (172) (172) (241) (124) ( 186) 
draftlug(near the top hole) 

2) Rear bottom of the 
draftsill near the 2S 30 30 29 4S 
centerplate and ( 172) (206) (206) ( 199) (310) 
toward the sidewall on the 
frontend of the centerplate 
( 4S degrees off center) 

3) Bottom edge of the 
draft pocket where the 31 3S 3S 29 3S 

rear draftlug, sidewall (213) (241) (241) ( 199) (241) 
and outer flange meet 

4) Lower rear rib at the 37 30 3S 3S 27 
center of its curvature (2SS) (206) (241) (241) ( 186) 

S) Lower mating surface 
of the striker and draftgear 31 80 30 29 81 
(place of load application) (213) (SS 1) (206) ( 199) (SS8) 

6) Outer edge area 
of the outer flange 2S 3S 29 24 3S 
at a position behind (172) (241) ( 199) (l6S) (241) 
the rear draftlug 

7) \fating outer edge 
between the sidewall and 2S 30 29 29 3S 
outer side flange at the ( 172) (206) ( 199) ( 199) (241) 
rear of the draft pocket 
(on the outside surface) 

8) Top surf ace of the 
draftsill above the 24 2S 27 29 3S 
draft pocket ( 16S) (172) ( 186) ( 199) (241) 
(near top holes) 

9) Front of keyslot 30 6S 29 29 S8 
in the sidewall (206) (448) ( 199) ( 199) (399) 
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8.4 Pressure Redistribution Analysis 

Once the complete draftsill casting had been analyzed, attention was turned to the pressure 

distributions applied in the draftlug load cases. The purpose of this part of the research was to 

determine if an alternative distribution of the pressure caused by the follower block, on the draftlug, 

was warranted. In developing the recommended taper suggested, three alternative pressure loadings 

were applied to the front draftlug. Each of the redistributions studied were done using the parabolic 

finite element models so the pressures could be controlled more accurately via the midside nodes. 

These clearly presented an indication that if the center of the applied load pressure could be moved 

toward the sidewall of the draftsill casting then the high stress levels could be reduced by a signif-

icant amount. The different loadings applied were as follows: 

l. The original application of uniform pressure was changed to no longer cover the bottom cle-

ment face of the draftlug ta more nearly match the follower block contact area. For this ap-

plication the load pressure was increased, but still remained constant over the area of 

application. 

2. The applied pressure distribution was changed to parabolic from the center of the draftlug to 

its outer edge (the edge not connected to the sidewall), while the segment of the loading from 

the center to the sidewall remained a constant pressure. This choice of application was made 

to follow up on the idea that a possible taper of the draftlug face would redistribute the current 

high stresses. 

3. The third and last loading was a triangular pressure distribution sloping from the sidewall to 

a magnitude of zero at the outer edge of the draftlug. (the outer edge being the edge not con-

nected to the sidewall) 
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The application of these three loading distributions are shown in Figure 51. This figure shows the 

approximate pressure center for each of these situations along with the pressure magnitudes applied 

to the draftlug. Note that the original and first redistribution produce the same load center because 

of their parabolic application, but their load magnitudes differ because the second removes the 

pressure on the bottom element of the draftlug. 

By moving the load center closer to the sidewall of the draftsill, the Von Mises stresses created 

were reduced by 20 percent or more throughout the high stressed region. This is shown more 

clearly in Table 6 on page 104 which presents a comparison of the stress levels obtained for each 

redistribution and their respective positions on the draftsill (refer to Figures 49 and 50) to the ori-

ginal application of load case one. 

It is recommended that the draftlug face be tapered. The technique used to calculate the re-

commended taper was as follows: 

I. The follower block was analyzed as a two dimensional finite element model from which its 

deflections were found. 

2. From the analysis of the third redistribution (the triangular loading), the deflections for the 

draftlug were calculated. 

3. The difference between the slope of the follower block and the draftlug was then taken to be 

the amount of taper needed to create a triangular pressure distribution. 

Following these listed steps, the value calculated for a taper was 0.013 in.(0.033 cm). This is an 

unrealistic number in terms of actual application to the draftsill, so the alternative recommendation 

is to relieve the draftlug face by 0.025 - 0.050 inches(0.0635 - 0.127 cm) from the face center out-

ward. These calculations and applications are more clearly seen in Figure 52 on page 108 which 

displays the specific deflections and recommended taper values obtained. 
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Table 6. Pressure Redistribution Stress Levels in kpsi (MPa). 

Position on Final Original Redist. l Redist. 2 Redist. 3 %Diff, Orig 
F.E. Model Parabolic Parabolic Parabolic Parabolic vs. Redist3 

l) Keyslot ribs 91 96 85 71 22 
(627) (661) (586) (489) 

2) Mating edge 
of sidewall and 50 45 43 40 20 
outer flange (344) (310) (296) (275) 

3) Bottom comer between 90 80 56 60 33 
draftlug and sidewall (620) (55 l) (386) (413) 

4) Center of 35 33 28 24 31 
the front draftlug (241) (227) ( 193) (165) 

5) Top of the draft sill 30 33 28 23 23 
near the top holes (206) (227) ( 193) ( 158) 

6) Outer area of 40 35 35 40 0 
the outer flange (275) (241) (241) (275) 

7) Diagonal area between 
the sidewall hole 60-90 50 28-50 35-55 40 
and draftlug (620) (344) (344) (379) 
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Figure SI. Pressure Redistributions on Front Draftlug (top view). 
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CALCU...ATED 
DEFLECTIONS 
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Figure 52. Draftlug Taper Calculations and Recommendations. 
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8.5 Sample Calculations 

Having generated results, one must determine if those results are to be considered valid. For 

this reason an engineer must do sample calculations to fmd out if the fmite element solutions are 

in the right magnitude and range of the actual solution. Because of the complexity of the draftsill 

structure one cannot directly find a mathematical solution, but doing sample calculations produces 

a way to justify the computer solution magnitudes. 

The sample calculations used for the draftsill were done based on load case 4 (Carbody Lift) 

because it could most realistically be simplified to a mathematical model. Both deflections and stress 

calculations were made. These calculations were based on classical beam theory in which the 

draft sill's cross section (Figure 53) was assumed to be constant along the length of the beam. This 

was a valid assumption since the draftsill in reality has a rather constant cross section when looking 

specifically at its outerwalls. All data for the cross section of the beam, i.e., moment of inertia were 

calculated using CADAM's beam analysis features (11). The calculated results indicated that the 

generated fmite element solution, based on the original parabolic model, were in reasonable agree-

ment with the values produced using beam theory. This is shown more clearly in Table 7 which 

displays both the fmite element solution values and the sample calculation values obtained. 

Table 7. Sample Calculations As Compared To Finite Element Results. 

Calculation Type Deflections Bending Stress 

1) Finite Element 
Solution From 0.4 in. 45-47 kpsi 
Original Model. (l cm) (324065 kPa) 

2) Sample Calculations 
Based On Beam 0.6 in. 51 kpsi 
Theory(Appendix C) (l.5 cm) (350 MPa) 
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Figure 53. Cross Section And Properties Of Beam Used In Sample Calculations. 
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Specifically, the values for deflection were calculated at the striker face end of the draftsill while the 

stress values were calculated on the lower surface of the outer flange in line with the rear draftlugs. 

A more detailed presentation of the sample calculations made is shown in Appendix C. 

Since these results produced good agreement with the finite element solution a confidence 

could be justified in the solutions obtained provided they met the convergence criteria. 

8.6 Conclusions and Recom1nendations 

In presenting the results of this finite element analysis and redesign, this author has tried to 

show a justification that the values obtained were generated with confidence and not just results 

assumed be correct. By using model checking, sample calculations and convergence studies it is felt 

that the values generated are accurate and sound. This is not to say that the obtained results are 

exact because the method of finite elements is a mathematical approximation technique and there-

fore produces only relatively close approximations of the true reaction of the draftsill to the pre-

scribed loading conditions. These results show that as well as redesigning the draftsill for a 

reduction in weight ( 106 lbs( 4 72 N)) the work done was carried further to a point which also indi-

cated that tapering the front draftlug (0.025 - 0.050 in.(0.0635 - 0.127 cm)) would relieve some of 

the high stresses generated in the draftsill. These final design changes and recommendations are 

shown specifically in the modified draftsill blueprints in Appendix A. 

Some alternative ideas that involved the creation of a whole new fmite element model might 

have been incorporated had a 3- D mesh generator been available. Since this was not the case, these 

ideas must be mentioned as possible alternatives for future study. The following is such a listing 

of ideas: 

1. Move the rear sidewalls, which are located behind the rear draftlugs, inward to the load center 

of the rear draftlugs. 
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2. Similarly, move the front sidewalls, which are located infront of the front draftlugs, inward to 

the load center of the front draftlugs. Although these ideas involve modification of other 

components of the draftsill-draftgear assembly, they are ideas that could possibly make a very 

significant difference in the draftsill-draftgear system's effectiveness. 

3. Another idea for future study is to consider the possibility of reducing all wall thicknesses by 

a small amount. It is this type of change that makes the quickest difference in weight and 

volume reduction. 

4. Also, a closer analysis of the keyslot ribs might show an alternative design to reduce out the 

high localized stresses that are occuring in the current design. 

5. Investigate the possibly of using a three-dimensional shape optimizer as design tool. 

6. Ex.amine the possibility of removing the outer side flange. 
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Appendix A 

Detailed Dralvings 

Included in this section are the following: 

l. Blueprint of the original draftsill casting. 

2. Blueprint of the original draftsill casting showing the final design changes made. 

X -- Indicates material that is to be removed. 

3. Blueprint showing a cross-section of the draftgear assembly as it fits into the draftsill. 

4. Overall drawing showing how the draftsill fits into the hopper car. 
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Appendix B 

Composite and Restraint Creations Codes 

Presented in this section are the actual codes discussed in the previous chapters of this work. 

There are two codes shown: 

l. COMPOSITE STRESS PLOT code. 

2. RESTRAINT CREATION code. 

These codes are documented for easy understanding as to what is occuring as the code operates. 
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COMPOSITE STRESS PLOT code. 
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C234567 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 
c THE PURPOSE OF THIS PROGRAM rs TO IDENTIFY THE AVERAGE 
C STRESS AT EACH NODE FOR EACH OF THE FIVE LOAD CASES. 
C THEN FIND THE VON MISES STRESSES FOR THAT NOOE FOR 
C EACH OF THE FIVE LOAD CASES. THE HIGHEST OF THE VOii 11ISES 
C STRESS VALUES DICTATES WHICH NODAL STRESSES ARE THEN 
C TO BE READ INTO I-DEAS. 
c 
c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 
C DIMENSIONING ARRAYS 

c 

DIMENSION ICOllC500,50l,IELCSOOJ,STRESSC4000,6l 
DIMENSION STRESSllODEC4000,6l,INODEC4000l,STRESSllODE1C4000,6> 
DIMENSION STRESSNOOE2C4000,6l,STRESSllODE3C4000,6l 
DIMENSION STRESSNODE4C4000,6l,STRESSNODE5C4000,6l 
DIMEllSION STRESSllEHC4DDD,6l 
DIMENSION IELNOCSDDl 

C DEFINING THE INPUT/OUTPUT CODES 
c 

c 

I0=3D 
IN=2D 

C REAOillG FROM THE SCREEll 110. OF El,110.0F llOOES, NO. OF LOAD CASES 
C CTHIS HILL READ All ELEMENTS IN THE UllV. FILE AllD HILL 
C EXCLUDE THE El. NO. EXCLUDED Ill THE UNIVERSAL FILE 
C CREATION. THE ELEMENTS THAT ARE SPRillG ELEMENTS ARE llOT COUNTED 
C IN THE TOTAL NUMBER OF ELEMENTS.) 
c 

c 
c 

WRITEC6,KJ' ENTER THE NO. OF ELEMENTS IN MODEL• ' 
REA DC 5, K HIUMEL 

WRITEC6,•l 
HRITEC6,Kl 
HRITEC6,•l'ENTER THE NO. OF NODES IN THE MODEL• ' 
READC5,KJNUMNODE 

WRITEC6 I •l 
WRITEC6,KJ 
WRITEC6,•l' ENTER THE NO. OF LOAD CASES TO BE CONDENSED• ' 
READC5,KlNLOAD 

C READING ELEMENT CONllECTIVITY 
c 
c 
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c 

DO 100 I=l,NUMEL 

READCIN,•lNOEL,Ifll,IFL2,IMAT,IFL3,IFL4,NODE 
IELNOCI>=NOEL 

IFCNODE.EQ.20lGO TO 50 
IFCNODE.EQ.8lGO TO 48 
IFCNODE.EQ.6lGO TO 45 

READCIN,•><ICONCNOEL,J>,J=l,81 
READCIN.•><ICONCNOEL,JJ,J=9,1Sl 
I EL< NO Ell =NODE 

GO TO 100 

45 CONTINUE 

READCIN,•>CICONCNOEL,J>,J=l,6) 
I ELC NOEL> =NODE 

GO TO 100 

48 CONTINUE 

READCIN,•>CICONCNOEL,Jl,J=l,8> 
I EL< NOELJ =NODE 

GO TO 100 

50 CONTINUE 

READCIN,•lCICONCNOEL,JJ,J=l,8l 
REAOCIN,•><ICONCNOEL,JJ,J=9,16l 
READCIN,•lCICONCNOEL,J>,J=l7,ZOl 
IELCNOEU=NODE 

100 CONTINUE 

C LOAD LOOP FOR EACH LOAD CASE 
c 

DO 500 K=l.NLOAD 

c 
C ZEROING STRESSNODE ARRAY 

c 

DO 150 I=l,NUMNODE 
DO 160 J=l,6 

STRESSNODECI,Jl=O.O 

160 COIHIHUE 
150 CONTINUE 

C READING STRESSES 
c 
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c 

DO 200 I=l,HUMEL 

READCIH,•lHOEL,IFLl,HODE,IFL2 

DO 220 Il=l,HODE 

READCIH,•lCSTRESSCICOHCHOEL,Ill,Jl,J=l,6> 

DO 230 Jl=l,6 

STRESSNOOECICOHCHOEL,Ill,Jl>=STRESSHODECICOHCHOEL,Il>,Jl> 
++STRESSCICOHCNOEL,Ill,Jl) 

230 CONTINUE 
220 CONTINUE 
200 CONTINUE 

C DEFINING THE HO. OF TIMES EACH NODE IS USED BY AN ELEMENT 
c 

c 

IFCK.GT.llGO TO 390 

DO 300 I=l,HUMEL 
L=IELHOCI> 

DO 320 J=l,ZO 

KTEMP=ICONCL,J) 
IFCKTEMP.EQ.OlGO TO 300 

INODECKTEMP>=INODECKTEMP>+l 

320 CONTINUE 
300 COllTillUE 
390 COllTINUE 

C AVERAGING THE STRESSES AT EACH NODE 
c 

DO 400 I=l,HUMNODE 

DO 410 J=l,6 

IFCIHODECI>.EQ.OlHRITEC6.•lI 
IFCIHODECI).EQ.OlGO TO 400 

STRESSAV=STRESSNODECI,Jl/FlOATCINODECil> 

GO TOC420,430,440,450,460lK 

420 CONTINUE 

STRESSHODElCI,Jl=STRESSAV 

430 CONTINUE 
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STRESSNODEZCI,Jl=STRESSAV 

440 CONTINUE 

STRESSNODE3CI,Jl=STRESSAV 

450 CONTINUE 

STRESSNODE4CI,Jl=STRESSAV 

460 CONTINUE 

STRESSNODESCI,Jl=STRESSAV 

410 CONTINUE 
400 CONTINUE 

c 
C NEH LOAD VALUE 
c 

500 CONTINUE 

c 
C DEFINING THE STRESSES AT EACH NODE FOR EACH LOAD CASE 
C TO BE USED IN THE VON MISES CALCULATIONS. 
c 

DO 600 I=l,NUMNODE 

Sll=STRESSNODEl(l,ll 
Sl2=STRESSNODEl<I.2l 
Sl3=STRESSNODE1CI,3l 
Sl4=STRESSNODElCI,4l 
SlS=STRESSNODEl<I,Sl 
Sl6=STRESSNODE1<1,6l 

S2l•STRESSNODE2CI,ll 
S22•STRESSNODE2<I,2l 
S23•STRESSNODE2<I,3l 
S24=STRESSNODE2<I,4l 
S25•STRESSNODE2CI,Sl 
S26•STRESSNODE2<1,6l 

S3l•STRESSNODE3CI,ll 
S32•STRESSNODE3<I,2l 
S33•STRESSNODE3CI,3l 
S34•STRESSNODE3CI,4l 
S35•STRESSNODE3CI,Sl 
S36•STRESSNODE3<I,6l 

S4l=STRESSNODE4<I.ll 
S42=STRESSNODE4CI,2l 
S43=STRESSNODE4<I,3l 
S44=STRESSNODE4CI,4l 
S45=STRESSNODE4<I,Sl 
S46=STRESSNODE4CI,6l 

SSl=STRESSNODESCI,ll 
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S52•STRESSNODE5CI,2) 
S53•STRESSNODESCI,3l 
S54=STRESSNODE5CI,4l 
SSS•STRESSNODESCI,5> 
S56•STRESSNODE5CI,6> 

C CALCULATION OF THE VON MISES STRESSES FOR EACH OF 
C THE THE 5 LOAD CASES. THIS CALCULATION CORRESPONDS 
C TO ONLY ONE NODE. 
c 

c 

VMl•SQRTCCCSll-Sl2>••Z+CSl2-Sl3J•K2+CS13-Slll••2 
++6•CCS14••2l+CS15••2l+CS16••2lll/2l 

VM2•SQRTCCCS21-S22>••2+CS22-S23l••2+CS23-S2ll••2 
++6•CCS24••Zl+CS25••2l+CS26••2)))/2) 

VM3•SORTCCCS3l-S32l••2+CS3Z-S33l••2+CS33-S3ll••Z 
++6•CCS34••Zl+CS35••Zl+CS36KK2JlJ/2) 

VM4•SORTCCCS4l-S4Zl••Z+CS42-S43>••Z+CS43-S4ll••Z 
++6•CCS44••Zl+CS45••Zl+CS46••Z>ll/2l 

VMS•SORTCCCS51-S52l••2+CS52-S53>••Z+CS53-S5ll••2 
++6•CCS54••2l+CS55••Zl+CS56••2llJ/2J 

C COMPARISON TO FIND MAXIMUM VON MISES VALUE FOR NODE. 
c 

KTEMP•l 
TEMP•VMl 

IFCABSCVM2l.GT.ABSCTEMPllTHEN 
TEMP•VMZ 
KTEMP•2 
ENDIF 

IFCABSCVM3l.GT.ABSCTEMPJJTHEN 
TEMP•VM3 
KTEMP•3 
ENDIF 

IFCABSCVM4l.GT.ABSCTEMPJJTHEN 
TEMP•VM4 
KTEMP•4 
ENDIF 

IFCABSCVMSl.GT.ABSCTEMPllTHEN 
TEMP•Vl15 
KTEMP•S 
ENDIF 

C PUTTING HEH STRESS VALUES THAT CORRESPOND TO THE 
C HIGHEST VON MISES STRESS IN THE STRESSNEH ARRAY. 
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c 
GO TOC621,622,623,624,625lKTEMP 

621 CONTINUE 

5TRESSNEH<I,ll•Sll 
5TRE5SNEHCI,2l•512 
5TRE5SNEHCI,3l•513 
5TRESSNEHCl,4l•514 
5TRE5SNEHCI,5l•515 
5TRESSNEHCI,6l•516 

GO TO 626 

622 CONTINUE 

STRESSNEHCI,ll•S21 
STRESSNEHCI,2l•S22 
STRESSNEHCI,3>•523 
STRESSNEHCI,4l•524 
5TRESSNEHCI,5l•S25 
5TRESSNEHCI,6l•526 

GO TO 626 

623 CONTINUE 

5TRESSNEHCI,ll•531 
STRESSNEHCI,2>•532 
5TRESSNEHCI,3l•533 
STRESSNEHCI,4l•534 
5TRESSNEHCI,5>•535 
5TRESSNEHCI,6l•536 

GO TO 626 

624 CONTINUE 

STRE5SNEHCI,ll•541 
STRESSNEHCI,2>•542 
5TRESSNEHCl,3l•S43 
5TRESSNEHCI,4J•544 
5TRESSNEHCI,5l•S45 
STRESSNEHCI,6>•546 

GO TO 626 

625 CONTINUE 

5TRESSNEHCI,ll•S51 
5TRESSNEHCI,2l•552 
5TRE5511EHCI,3l•553 
5TRESSNEHCI,4J•554 
STRE5SllEHCI,5l•S55 
STRE5SNEHCI,6J•S56 

626 CONTINUE 
600 CONTINUE 
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c 
C WRITING BACK OUT TO FOR030.DAT 
c 

OPENCUNIT=3D,STATUS='NEH'> 

DO 700 I=l,NUMEL 

WRITECI0,7ZO>IELNOCI>,l,IELCIELNO(l)),6 
720 FORMATC7X,I3,9X,Il,BX,IZ,9X,Ill 

DO 710 J=l,IELtIELNOtl)l 

WRITECI0,730lCSTRESSNEHCICONtlELNO(I),J),Jl),Jl=l.6l 
730 FORMATClX,6tElZ.5,lX>> 

710 CONTINUE 
700 CONTINUE 

HRITECIO,•>' -1' 

CLOSECUNIT=30l 

STOP 
EHD 
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RESTRAI~T CREATION code. 
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C234567 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C ·THE PURPOSE OF THIS PROGRAM IS TO SCAN THE NODE 
C NODE COORDINATES FOR THOSE THAT HAVE VALUES 
C ON THE RESTRAINT PLANES. THESE NODES WILL THEN BE 
C STORED AND THEIR VALUES WILL BE ASSOCIATED WITH 
C THE APPROPRIATE SUPPORT RESTRAINT CONDITION 
C NEEDED FOR USE IN THE SUPERB ANALYZER. 
c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 
c 
C DEFINING THE ARRAYS TO STORE THE COORDINATES AND 
C DEFINED RESTRAINTS 
c 

DIMENSION XCCSOOOl,YCCSOOOl,ZCCSOOOl,IRESTCS000,3) 
c 
C OPENING THE COORDINATE FILE 
c 

OPENCUNIT•35,STATUS•'OLD'l 

c 
C USING A LOOP TO READ THE NODAL COORDINATES 
c 

c 

DO 100 I=l.5000 

READC35,•lNO,XCCil,YCCil,ZCCI),J 
IFCNO.EQ.-llGO TO 101 
Nl=NO 

100 CONTINUE 
101 CONTINUE 

C CHECKING EACH NODAL COORDINATE TO SEE IF ITS 
C VALUE IS ON ONE OF THE RESTRAINT PLANES 
c 

c 

DO 200 Il=l.Nl 

IFCXCCill.GE.C25.53l>>IRESTCil,ll=l 
IFCXCCill.GE.C25.53l>>IRESTCil,2l=2 
IFCXCCill.GE.C25.53ll>IRESTCil,3l=3 
IFCYCCill.LE.C-3.312llIRESTCI1,2>•2 
IFCYCCil>.GE.Cl7.9llIRESTCil,ll=l 
IFCYCCill.GE.Cl7.9llIRESTCil,2l=2 
IFCYCCI1l.GE.Cl7.9>lIRESTCil,3l=3 
IFCZCCill.GE.C6.68llIRESTCil,3l=3 

200 CONTINUE 

C OPENING FILE FOR SUPPORT DATA TO BE WRITTEN 
c 

OPENCUNIT=36,STATUS='NEW'l 

Jl=O 
J2=0 
J3•0 
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WRITEC36,lll'SUPPORTS' 

DO 300 IZ=l,Nl 

c 
C CALCULATING THE NUMBER OF TIMES EACH RESTRAINT DIRECTION 
C IS IDENTIFIED 
c 

c 

IFCIRESTCIZ,ll.NE.O.OlJl=Jl+l 
IFCIRESTCI2,2l.NE.O.OlJ2=J2+1 
IFCIRESTCI2,3l.NE.O.OlJ3=J3+1 

C CREATING SUPPORTS FOR THE SUPERB INPUT FILE 
C BASED ON THE CALCULATED RESTRAINT NODES 
c 

300 

IFCIRESTCI2,ll.NE.CO.OllWRITEC36,llll2.IRESTCI2,ll 
IFCIRESTCI2,2l.NE.CO.OllWRITEC36,llll2,IRESTCI2,2l 
IFCIRESTCI2,3l.NE.CO.OllWRITEC36,llll2,IRESTCI2,3l 

CONTillUE 
WRIT EC 36, lO' X-RESTRAINTS= 
WRIT EC 36, ll)' Y-RESTRAINTS= 
WRITEC36,lll' Z-RESTRAINTS= 
J4=Jl+J2+J3 
WRITEC36,lll' TOT. REST. = 

CL OSEC UIHT=36 l 
STOP 
END 

• ,Jl 
' ,JZ 
' ,J3 

• 'J4 
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Appendix C 

Sample Calculations 

This section presents the calculations made to arrive at the values shown in Chapter 8. There 

were two major calculations done, a deflection calculation and a bending stress calculation. All of 

the calculations done were based on standard beam theory and/or the principle of superposition. 

Before doing any calculations, it had to be decided what type of calculation would represent 

the draftsill best in such a way that a hand calculation could be done with some confidence. It was 

decided that load case 4 (Carbody Lift) would represent the draftsill as a beam and as such allow 

it to take on beam theory calculations. The following diagrams show the procedure used and the 

results obtained for the individual calculations done. 
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Sample Calculations 

DEFLECTION 
CALCULATIONS 

BEAM MODEL 
8 _625 IN 21000 LB 

69.375 IN 127300 LB 

USING SUPERPOSITION 

BEAM A 
21000 LB 

+ 
BEAM B 

127300 LB 
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Sample Calculations 

CALCULATIONS FOR 
BEAM A 
(AT END OF BEAM) 

A 21000 LB 

L 

2 YMAX - FA (A-3L) 
A 6EI 

2 
=(21000) (58.625) 

6(30E6) (679.97) x 

(58.625-3(69.375)) 

= -0.08816 IN. 
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CALCULATIONS FOR 
BEAM B 
(AT END OF BEAM) 

A 

L 127300 LB 

3 YMAX - FL 
B 3EI 

=( 127300) (69.375) 
3(30E6) (679.97) 

- 0.6945 IN. 

YTOTAL=YMAX + YMAX 
A B 

= -0.08816 + 0.6945 
= 0.606 IN. 

APPROXIMATE DEFLECTION 
FROM ORIGINAL MODEL 
OUTPUT = 0.4 IN. 

Sample Calculations 

3 
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Sample Calculations 

STRESS 
CALCULATIONS 

BEAM MODEL 
8.625 IN 21000 LB 

69.375 IN 
127300 LB 

FREE BODY DIAGRAM 
106300 LB 21000 LB 

t ~ 

127300 LB 

SHEAR DIAGRAM 

106300 

I 
I 

I 
127300 

MOMENT DIAGRAM 
7600312 

D 
LOCATED AT 25.5 INCHES ON DRAFTSILL 
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INTERPOLATING TO FIND 
THE VALUE OF X 
FROM THE MOMENT 
DIAGRAM 

7600312-X 7600312-1368475 -
0-25.5 0-58.625 

X = 4886367.2 LB IN 

NOW APPLYING THE BENDING 
STRESS EQUATION 

Sample Calculations 

BENDING 
STRESS = 

M y 
I 

WHERE: Y-OUTTER FIBER DISTANCE 
I-MOMENT OF INERTIA 
M-MOMENT AT DISTANCE 

OF 25.5 
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Sample Calculations 

BENDING (488636.2) (7.08) 
STRESS = ------

(679.97) 

BENDING 
STRESS = 50877 PSI 

FROM DATA OF ORIGINAL 
MODEL 

BENDING 
STRESS = 45-47000 PSI 

NOTE HERE THAT 
BOTH APPROXIMATIONS 
ARE IN GOOD 
AGREEMENT 
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