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(ABSTRACT) 

A large percentage of the total annual lumber production in the U.S.A is 

consumed by the pallet industry. However, standardized design procedures 

for these products have only recently been developed. A four-year 

cooperative pallet research, development and application program was 

undertaken by the National Wooden Pallet and Container Association, 

Virginia Polytechnic Institute and State University, and the U.S Forest 

Service. This research is directed towards developing standardized 

design procedures for both stringer and block-type pallets. Phase I 

dealt exclusively with stringer-type pallets while Phase II expands the 

scope to include block-type pallets. The objective of this work was to 

develop methods to analyze the effects of loads, supports and geometry 

on the response of block-style pallets. 

The developed analysis procedures are based on matrix structural 

analysis methods. A quarter symmetric 3-dimensional model is used to 

simulate pallets racked across the stringerboards (RAS) and a half 

symmetric 2-dimensional model is used for the racked across deckboards 

(RAD) and sling support modes. Both models are used in the stack 



condition. Deckboard/stringerboard joints are modeled as a single spring 

in the RAS model and the deck-block joint in both the RAS and RAD models 

are modeled as a framework of rigidly connected members and five springs 

(2 rotational and three axial). The procedure has the capability to 

handle both uniformly distributed and line loads in rack, stack, or 

sling support modes, and a wide variety of commonly used geometries. 

The developed analysis methodology is presented in computerized form and 

will provide the user a means of communication with pallet manufacturers 

for defining expected performance. 
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1. 0 INTRODUCTION 

1.1 Overview 

At present, the pallet industry is the second largest consumer of 

lumber in the U.S.A accounting for approximately 12-18% of all lumber 

cut in the United States (Mc Leod,1985). Development of engineering and 

design procedures for these components can result in more effective and 

efficient use of wood. This can directly benefit consumers and provide 

them with a more reliable and cost-effective product. 

Until recently, there were no standardised pallet design procedures 

which rationally accounted for the influence of design variables on 

pallet performance. However, a four - year cooperative pallet research, 

development and application program, undertaken by the National Wooden 

Pallet and Container Association, Virginia Polytechnic Institute and 

State University, and the U.S Forest service, resulted in reliability -

based design procedures for wooden stringer -type pallets. These 

procedures, known as the Pallet Design System (P.D.S), (NWPCA copyright) 

provide the consumer a better means of communication with the 

manufacturer by enabling him to specify performance of the finished 

product. 

Stringer - type pallets, account for the bulk of the pallet industry 

production in the U.S. However, about 20% of all pallets produced are 

the block - type which are used extensively in the beer, canning and 

chemical industries. However, this is not the case in Europe where the 

block design is preferred and is more extensively used. 
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The major objective of Phase II of the cooperative program is the 

development of design procedures for block - type pallets similar to 

those for stringer - type pallets. This thesis details the development 

of the strength and stiffness design components for block-type pallets. 

1.2 Study objectives 

The principal objective of the study was to develop and verify 

analysis models of the actions of block - type wood pallets subject to 

typical unit loads and support conditions. 

Necessary sub - objectives are :-

(1) To develop and verify appropriate three-dimensional 

SPACEPAL models of block pallet behaviour which 

adequately predict the effects of loading and 

support conditions on pallet performance. 

(2) From the results of objective (1), a) conduct sensitivity 

investigations to determine important model parameters and 

level of required input accuracy, and b) develop and verify 

simplified models for use in a personal computer format. 

1.3 Why block pallets? 

Wooden pallets play an important role in the fabrication, 

storage, and transportation of goods in the form of unit loads. Most of 
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the pallets produced in the U.S. are of the stringer-type design. 

However, block designs are also used, especially for single use, 

non-returnable pallets. In other parts of the world block pallets are 

very common. "This difference can be explained by the fact that American 

pallets are fabricated mostly of dense hardwoods and relatively dense 

softwoods, which are assembled with slender and often hardened-steel 

pallet nails. These nails reduce splitting during and after 

driving"(Stern,1986). For block pallets larger nails and softer woods 

with less splitting tendency are frequently used. The wider blocks also 

contribute to reduced splitting. For any pallet performance can be 

greatly increased with more effective fastening of the pallet members. 

There are other advantages and disadvantages to the block pallet design 

over the stringer-type pallets 

Advantages : 

(1) Block pallets are true 4-way entry platforms (i.e they are fully 

accessible on all four sides). 

(2) They do not require strength reducing notches for four-way entry. 

(3) Slightly less lumber is used in block pallets compared to 

stringer-type pallets for same load capacity. 

(4) Higher strength values for same pallet dimensions. 

Disadvantages : 

(1) More cutting, handling and fasteners are needed in block pallets. 

All contribute to a higher labor cost. 
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(2) Block pallets are currently fabricated in a two-step operation 

rather than the one step used for stringer-type assembly. 

(3) They are marginally more expensive than the stringer-type 

pallets. 

These arguments for block pallets together with the need to remain 

competitive in the pallet market, justify the need to develop a 

standardized design procedure to include block-type pallets. 
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2.0 BLOCK PALLET DESIGN 

The block pallet may be viewed as a semi - rigidly connected 

framework of components consisting of stringerboards, deckboards and 

blocks. These components may be assembled in any number of ways to 

produce pallets of varying geometries. A block pallet may be thought of 

as three seperate elements, a top deck, a bottom deck, and connecting 

blocks. The decks may include stringerboards and/or deckboards. Some 

designs may only include a top deck. 

Given a desired pallet geometry the design process must recognize the 

various sources of variability in a) the resistance of the pallet to the 

effects of applied load and b) variation in applied load. The ultimate 

objective of design is to rationally account for these variations in 

such a manner as to result in a safe, economical product. 

2.1 Pallet geometry 

2.1.1 Definitions 

The three sections which make up a block pallet are shown in 

Figure 2.1. The top deck contains both stringerboards and deckboards of 

any cross - sectional area. The length of these members is taken as 

their end to end distance. Pallet length is defined as the length of the 

top stringerboards. Conversely, the pallet width is defined as the 

length of the top deckboards. 
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The blocks which make up the center section of the pallet may be 

rectangular, square or cylindrical in shape. The length of the block is 

defined as the larger dimension which may be oriented with either the 

pallet length or width axes. Block pallets typically contain between 4 

and 9 blocks which are usually located at the intersections of 

stringerboards and deckboards. 

The bottom deck, if present, may be made up of stringerboards and/or 

deckboards of varying cross sectional area. The member lengths are 

defined as for the top deck. Definitions of some bottom deck designs are 

outlined below:-

a) Unidirectional-type deck: This case consists of all bottom boards 

aligned in only one direction, either parallel to top 

stringerboards or parallel to the top deckboards, are present. 

These boards are defined as bottom deckboards. 

b) Perimeter-type deck: Bottom boards parallel to the top 

stringerboards as well as bottom boards parallel to top deckboards, 

all in the same plane. The two boards which run the full length or 

width of the pallet are defined as outer boards. The two or three 

boards which are perpendicular to and butt into the outer boards 

are defined as butted boards. 

c) Overlap-type deck: Bottomboards parallel to top stringerboards as 

well as bottom boards parallel to top deckboards, not all in the 

same plane. The layer of bottom boards in direct contact with 

blocks are defined as bottom stringerboards and may be either 

parallel or perpendicular to the top stringerboards. The lower most 
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layer of bottom boards are defined as bottom deckboards and may be 

either parallel or perpendicular to the top deckboards. 

2.1.2 Geometry variation 

Possible geometry alternatives with stringer-type pallets 

involve number, size and placement of stringers and deckboards. 

However, with block pallets there are more possible options. The number 

of blocks per stringerboard may vary within a pallet. The number of 

deckboards in a deck (top or bottom) may be greater than the number of 

stringerboards or vice versa. The bottom deck may or may not include 

both stringerboards and deckboards. Fastenings, nail types and nail 

patterns may also vary within a pallet. 

2.1.3 Study limitations - geometry. 

Because of the high number of geometric options some 

limitations were imposed for this study. These were chosen to maintain 

user flexibility but bypass potentially difficult analysis schemes. The 

limitations listed below were selected through discussion with industry 

advisors. The scope of this research was limited to :-

a. Common block pallet geometries. Pallets with 2 or 3 

stringerboards of any rectangular geometry on top and/or bottom 

decks, and containing 4,6,8 or 9 blocks of any rectangular 

geometry. A maximum of 3 blocks per stringerboard were 

considered. 
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b. Deckboards of any rectangular geometry with a maximum of 13 

boards per deck. In the case of cantilevered top stringerboards 

the maximum for the top deck is 15 deckboards. 

c. Deckboard ends may be flush with the edge of the block, single 

winged or double winged. 

d. Stringerboard ends may be flush with the edge of the block, 

single cantilevered or double cantilevered (see Figure 7.1 

Design 5). 

e. Most commonly used fasteners and joint types resulting from 

typical assembly practices. 

2.2 Pallet use conditions 

2.2.l Support modes. 

The types of support models considered within the scope of 

this study were similar to those used for stringer-type pallets 

(Loferski,1985). These are racked across stringers (RAS), racked across 

deckboards (RAD), sling supported and stack (see Figure 2.2). The RAD 

mode causes the top deckboards and bottom parallel boards to be stressed 

as a composite beam. Similarly, the RAS mode causes the top 

stringerboards and bottom parallel boards to be stressed as a composite 

beam. The stack mode causes the top deck of the bottom pallet and the 

bottom deck of the second pallet in a stack to function independently as 

continuous beams. The sling support mode causes actions in the top and 
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w 

a) Racked across deckboards (RAD) - (end view) 

w 

b) Racked across stringerboards (RAS) - (side view) 

C . . 

D . . E ' . 
c) Stack support 

I • • 
•'"''•I ..... 

I . ,. •. ( I ; 
I • • ....... 

d) Sling support - (end view) 

Figure 2.2. Block pallet support modes. 
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bottom decks similar to the RAD mode except that load is transferred 

through the top deck wing to the support. 

2.2.2 Load models. 

There are five different load types that were considered for 

use with the analysis procedures: a uniformly distributed load covering 

the entire top deck, a partial uniform load, and 1, 2, or 3 rigid line 

loads. Line loads may act parallel to either the top stringerboards or 

deckboards. These are shown in Figure 2.3. The uniformly distributed 

load is applied directly to the deckboards and is represented as point 

loads at the deckboard-stringerboard nodes as shown in Figure 2.4. The 

line loads are represented as point loads acting on the stringerboards 

as shown in Figure 2.5. For load cases involving 1 or 3 line loads the 

applied load at the centerline is modeled as half the applied value 

because of symmetry. 

2.3 Design methodology 

2.3.1 Design steps. 

This section outlines, in a general sense, the steps that a 

pallet designer would use to devise a pallet which properly balances 

functionality and safety. These steps fall into three categories: 

structure definition, analysis of load effects, and 

safety/serviceability criteria. 

a. Geometry: The global geometry of the pallet is defined in terms 

of the number, location and size of each element. Typically, a 
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a) Full uniform 
load 

b) Partial uniform 
Load 
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c) Single line 
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d) Two line 
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e) Three line 
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where x a input distance 

Figure 2.3. Load types analyzed in block 
pallet design 
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Figure 2.4. Load analog models for full and 
partial uniform loads 
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a) Real pallet 

-·-F Cl 

r I 
L/2 L stringerboard or 

deck board 

b) 2 - D load analog 

where x = input distance 

Figure 2.5. Load analog models for line loads 
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trial geometry is first chosen and then refined by successive 

iteration of the design process. 

b. Material properties: These are defined for each member and 

represent the expected properties of the components in the 

pallet. 

c. Support condition: For each support condition the location of the 

supports and, hence, the spans are established. 

d. Loading conditions: For each specified load type the applied load 

is apportioned to the individual elements to simulate the actions 

of the actual loading condition. 

e. Element stresses: The load effects are calculated using 

principles of engineering science and structural analysis 

techniques. The location and magnitude of the most critical load 

effect is reported back to the user. 

f. Compare with material resistance: The maximum element stress is 

compared to the estimated material resistance with consideration 

for safety using the reliability-based methodology (Loferski, 

1985). Additionally, serviceability in the form of deformation 

requirements are considered using material stiffness and a user 

defined serviceability limit. 
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2.3.2 Reliability-based safety format (RBD) 

In all cases of design the component resistance must be 

greater than the load effects by an amount sufficient to maintain an 

acceptable probability of failure. When comparing the resistance with 

the load effects using the techniques employed by PDS, an acceptable 

balance of safety and economy must result. For block-type pallets a 

mean-value reliability procedure (based on exact formulation for 

comparing log-normally distributed variables) was used to maintain this 

balance similar to that employed by Loferski (1987), Loferski & McLain 

(1987). 

The RBD procedure can be used for either a "DESIGN" or "ANALYSIS" 

option. The DESIGN option allows the user to optimize the structure in 

terms of minimum member dimensions. Conversely, the ANALYSIS option is 

used to compare pallet designs on a load capacity basis. Equation 2.3 

formally describes this linkage between load effects and resistance. It 

may be rearranged to solve for either the mean resistance or mean load 

effects: 

ln(R/S) 

f3 = [2.3] 
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where: {3 = safety index 

R = mean resistance 

s = mean load effects 

V = coefficient of variance for s s 
V = coefficient of variance for R r 

A safety index,/3, is used to explicitly describe the level of inherent 

safety to be built into the structure. This index is set based on 

"calibration" with current practice. The interested reader is referred 

to Loferski and McLain (1987) or Loferski (1985) for details. In 

block-type pallets only an ANALYSIS procedure is provided at this time; 

that is, only load capacity is output. 
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3.0 BLOCK PALLET ANALYSIS 

3.1 Matrix structural analysis 

To analyze the actions of a block pallet, the stiffness or 

displacement method of Matrix Structural Analysis was used. The actual 

structure is represented as an assembly of discrete elements 

interconnected at joints (nodes). A discrete model is formulated to have 

a finite number of degrees of freedom. 

In the development of simplified block pallet design procedures, two 

analysis models were used. The first, a space frame, or 

three-dimensional model, was used to emulate the pallet under applied 

load in the RAS support mode. The second model used a plane frame, or 

two-dimensional model to estimate the pallet actions in the RAD mode. 

A space frame model is an assembly of interconnected elements in a three 

dimensional framework. Each joint is initially considered to have six 

degrees of freedom with three translations in the global 1, 2, and 3 

directions and three rotations about the three global axes. For typical 

loads the actions of each frame element is characterized by axial 

deformation, flexural deformations about the two principal axes (i.e 

global 2 and 3 axes), and torsional deformation. 

A plane frame model is an assembly of rigidly interconnected elements 

which lie only in the global 1-2 coordinate plane. Each joint has three 

possible actions, two translations in the global 1 and 2 directions, and 

a rotation about the global 3 axis. The axial and flexural deformation 
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element models are sufficient to model plane frame structures. 

In the matrix displacement method the joint displacements are selected 

as the unknowns. Each element is represented by its individual stiffness 

matrix which relates the element - end displacements to the element -

end forces for that element. 

where: { f·}= local element forces 

[k1= local element stiffness matrix 

{d}= local displacements of element. 

[3.1) 

The discrete model uses conditions of compatibility, equilibrium, and 

constitutive laws. Constitutive laws, representing material behaviour 

are included in the element models. The compatibility conditions consist 

of continuity relationships between element and joint displacements, 

including joint constraints. By balancing the applied joint forces with 

element - end forces, equilibrium is satisfied. The system model relates 

the joint displacements to the joint forces through the system stiffness 

matrix which includes the element stiffness relations assembled in a 

rational order. 

where; {Q}= equivalent joint force vector 

[K]= system stiffness matrix 

{q}= local displacement vector. 

[3.2] 

"Once the system model is solved for the joint displacements,any measure 

of response can be determined" (Holzer,1982). 
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3.2 Joint behavior 

Joint behavior is a very important variable in modeling block 

pallets. Loferski(l985) states that "joints should be flexible to allow 

stressing without failure but stiff enough to resist bending stresses up 

to the crushing strength of the wood." Previous research on nailed wood 

joints has been directed towards two areas, load-slip behavior (shear 

resistance to lateral load) and load-separation behavior (withdrawal 

resistance to axial load and rotation). Most studies have evaluated a 

load-slip curve. However, Mack (1975) found that the slip at the 

deckboard-stringer joint was a key variable in stringer pallet design. 

Because of the obvious difference in physical geometry between blocks 

and stringers in pallet construction, block pallet joints were modeled 

differently than stringer pallet joints. The main difference lies in 

the finite width of the block at the joint. The deckboard-block joint 

models utilize a separation modulus, a rotation modulus and the lateral 

stiffness in the global 1 direction. 

The rotation modulus and the separation modulus (withdrawal stiffness) 

are "constants describing the degree of fixity of a nailed joint under 

moment and axial force respectively. The separation modulus is defined 

as the ratio of the applied withdrawal force to the corresponding 

separation; the rotation modulus is the ratio of the applied moment to 

the angular rotation" (Kyokong,1979). Samarasinghe (1987) developed a 

model to compute rotation modulus based on head pull through, withdrawal 

stiffness and edge crushing of the block using matrix structural 

analysis. See Figure 3.1. 
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The lateral stiffness (slip modulus) is a measure of joint stiffness in 

lateral loading. It is a ratio of the applied lateral load to the 

translation in the direction of the load. 

3.3 Definitions 

The symbols, conventions and techniques used in this paper to 

represent both plane and space frame structures in matrix form are 

stm1marized below: 

(1) The structures are asstm1ed to lie in the global 1-2 and 

global 1-2-3 coordinate planes respectively. 

(2) The joints are numbered in sequence from 1 to NJ, where 

NJ is the number of joints. 

(3) The joint displacements and the joint loads, denoted qk 

and Qk, respectively, are numbered in the sequence of 

the global coordinate axes from the lowest to the 

highest ntm1bered joint, k = 1,2,3 •••• n, where n is the 

ntm1ber of joint displacements. 

(4) The elements are numbered in sequence from 1 to NE, 

where NE is the number of elements. 

(5) The local reference frame for each element is defined as 

follows : The local 1-axis is directed from the lower (a-end) 
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to the higher (b-end) numbered joint to which the element is 

incident; the local 3-axis is oriented normal to the local 1-2 

frame; and the local 2-axis is chosen to make the local frame 

of reference follow the right hand convention. 

(6) The local element displacements and forces, denoted by 

lowercase letters d. and f., are numbered in the sequence 
J J 

of the local coordinate axes from the a-end to the 

b-end of the element. The subscript j refers to the element 

number. The global element displacements and forces are 

denoted by the uppercase letters D. and F., and are numbered 
J J 

in the sequence of the global coordinate axes from the a-end 

to the b-end of the element. 

(7) The sign of a displacement or force at a point is 

determined by the direction of the corresponding 

coordinate axes. The right-hand rule determines the 

positive sense of the rotation or moment about the 1, 

2, or 3 axes. See Figure 3.2. 

(8) The conditions of compatibility and equilibrium are expressed 

in compact form by the member code and joint code matrices. 

The member code matrix is defined as :-

MCODE(L,I) = Kif D = qk 

0 otherwise 
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where K is the degree of freedom number associated with 

element I and Dis the Lth global displacement of element I. k 

has the same value as K. The values of L for space frame 

elements range from 1 to 12 and from 1 to 6 for plane frame 

elements. 

The JCODE matrix is defined as follows :-

JCODE(L,J) = Kif Ulj = qk 

0 otherwise 

where u1j is the displacement in the Lth direction of 

joint j and qk is the Kth joint displacement. The values of L 

for space frame elements range from 1 to 6 and from 1 to 3 for 

plane frame elements. 

3.4 Solution 

Below is a summary of the steps used to obtain stresses from the 

applied loads using the matrix approach. Specific details for each 

support condition are found in chapters 4-6. 

1. First, a model is constructed to simulate the actions of a pallet 

under a unit load. All members in the model are given material 

properties and geometries to simulate those of the elements in 

the real pallet. 

2. All possible joint displacements are then identified in the model 
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and assembled into the displacement vector, {o}. When all 

constraints and supports are applied to the model the sum of the 

degrees of freedom is the total number of degrees of freedom for 

the structure. 

3. A system stiffness matrix, [K] is computed. This matrix defines 

the relationship between the applied joint load vector {F} and 

the displacement vector {o}. It is assembled by adding together 

all appropriate element stiffness matrices and transferring them 

to the relevent cells of the [K] matrix. 

4. The applied joint force vector, {Q} is defined. The assembly 

process is similar to that for the displacement vector and 

contains all applied joint forces in a numbered sequence. 

S. At this point the matrix components are assembled into the 

governing relationship : 

where; {Q}= equivalent joint load vector 

[K}= system stiffness matrix 

{o}= global displacement vector. 

[3.4) 

The Cholesky method using computer techniques is used to solve 

for the joint displacements which define the displaced 

configuration of the structure. 

6. From the displacements obtained in the solution routine, the 
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element end forces and stresses may be calculated. 

3.5 Sensitivity analysis and Model selection 

The main tool used to develop simplified analysis models was 

"SPACEPAL". This general purpose structural analysis program is written 

in Fortran IV and was originally developed for stringer-type pallets 

(Mulheren,1984). It is based on a three dimensional matrix displacement 

(stiffness) method and has non linear joint analysis capability. 

SPACEPAL, as a general purpose program is too cumbersome for direct 

application to pallet design. However, it has been exhaustively tested 

and could be used with confidence to develop simplified, efficient 

models for block pallet design. 

To identify simple models which can best simulate the actions of 

block-type pallets under service loads, many different alternative 

models were input to SPACEPAL and iteratively modified. The model 

predictions were compared to experimental results (described in chapter 

7). A model was accepted when predicted and experimental results 

consistently agreed. If possible, symmetry was used to reduce problem 

size and shear releases were positioned along the lines of symmetry. 

In the RAS support mode the full model was reduced to a quarter 

symmetric 3-dimensional model. This model allows full consideration of 

load sharing between stringerboards and the influence of deckboard 

location on pallet strength and stiffness. The RAD model is a half 

symmetric 2-dimensional model chosen to take advantage of the reduced 
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complexity of member interaction in this mode. Additionally, 

experimental results of RAD pallets showed that bending about only one 

axis dominated pallet action. For the stack condition both models are 

used to calculate the load effects in the critical top and bottom deck 

members. Details of these models are found in the next three chapters. 

Sensitivity studies were carried out on SPACEPAL models of RAS and RAD 

pallets to determine the important joint parameters and the level of 

required input accuracy. These were assessed successively by modifying 

the stiffness in the six local directions for the spring elements 

employed in the models. In the RAS model springs were used to model both 

deck-block joints and stringerboard/deckboard joints. For the RAD model 

only deck-block joints are modeled. 

An iterative process was used to examine the sensitivity of pallet 

actions to spring element stiffness in each of the six local directions. 

Varying degrees of stiffness were assigned to each direction for all 

spring elements, one by one, with any corresponding change in center 

point deflection noted. Based on this sensitivity analysis the following 

conclusions can be drawn; 

RAS model: 

- With stringerboard/deckboard joints large changes in the 

translational stiffness in the three global directions and in 

rotation about the global 2-axis did not appreciably affect pallet 

response. For a 100% change in translational or rotational joint 

stiffness there was a O - 2% change in center point deflection. 
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These stiffnesses were fixed and given high values in the working 

model. 

- Rotational stiffness about the global 1-axis for the modeled 

stringerboard/deckboard joint showed similar insensitivity and was 

given a fixed finite value. Rotational stiffness about the global 

3-axis was assigned zero stiffness to preclude geometric anomalies. 

- The observed experimental joint behavior was best modeled when the 

axial springs connecting deckboards to blocks were given zero 

stiffness in all directions except the global 2-direction 

(withdrawal). The center spring on the top deck of the deck-block 

joint was given a finite stiffness (separation modulus) based on 

results of Samarasinghe, 1987. The two other axial springs are 

initially given zero stiffness in the global 2-direction and then 

are made very stiff if required by conditions of physical 

compatibility. 

- The rotational stiffness about the global 3-axis of the deck-block 

joint was found to be a sensitive input parameter (i.e a 100% change 

in stiffness produced a 10% change in center point deflection). This 

stiffness (rotation modulus) is assigned a realistic finite value 

based on the results of Samarasinghe, 1987. Stiffness in all other 

directions are given high values. 

RAD model: 

- Similar sensitivity results were found for the RAD model as for the 

RAS model. As a result, the axial springs in the deck-block joint 

are given the same stiffness values as in the RAS model. To 

simulate the experimentally observed joint behavior the stiffness of 
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the top deck rotational spring in the deck-block joint was given 

zero stiffness in the global 1 and 2 directions. The corresponding 

bottom deck rotational spring was given a high stiffness in both the 

global 1 and 2 directions. 

Values for rotation modulus and separation modulus are based on results 

from Samarasinghe, 1987. Stiffness values assigned to spring elements in 

both models are presented in Figures 4.4 and 5.11. 
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4.0 ANALYSIS OF RACKED ACROSS STRINGERBOARDS SUPPORT CONDITION (RAS) 

The objective of this chapter is to outline in detail the 

methodology used to analyze block pallets for the racked across 

stringerboards support condition (RAS). The key to the design process is 

the use of a matrix structural analysis model to identify the most 

critical member in the structure and greatest deformation and to report 

this back to the user for subsequent comparison with the component 

resistance or serviceability criterion under the particular loading 

condition. 

4.1 Assumptions and limitations 

Because of the wide variety of geometries and designs that 

accompany block pallet analysis, the scope of the pallet design system 

must be limited to the most practical situations. Assumptions are made 

for different load and support conditions to best model the real pallet. 

Limitations are also placed on load and support conditions, and block 

pallet geometries to make the problem manageable. These assumptions and 

limitations for the RAS mode are detailed below: 

a. Five loading conditions may be analyzed : uniformly distributed 

load, partial uniform load, and 1, 2, or 3 symmetrically placed 

line loads. 

b. The line loads are considered to act directly on the stringerboard. 

Line loads can not be applied to cantilevered top stringerboard 

members. 
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c. Partial uniform loads may not extend over the cantilevered top 

stringerboard members. 

d. The supports may be placed only under the bottom deck. The support 

joint inside the outer blocks must lie between the inside edge of 

the outer block and the center of the nearest bottom deckboard to 

the left. 

e. With cantilevered bottom stringerboards, the support may not be 

placed under the cantilever members. 

f. Only one deckboard is allowed to be placed over the outer blocks, 

and in the event of cantilevered top stringerboards, only one 

deckboard is permitted over this portion. 

4.2 RAS analog model 

The matrix structural analysis analog model used for the RAS 

support condition is a quarter-symmetric space frame model shown in 

Figure 4.1. The Fortran code used with this analysis is shown in 

Appendix A. Each joint has six degrees of freedom - three translations 

along each of the three global axes and three rotations about the axes. 

To ensure symmetry, shear releases are placed at member ends along the 1 

and 3 centerline axes. These shear releases allow vertical deflection 

(i.e in the 2 - direction) but are restrained in other directions as 

follows:-
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a. Shear releases along the 3 - axis (i.e joints 1, and 3): These 

are restrained from translation along the 1 - axis, rotation 

about the 2 - axis, and rotation about the 3 - axis. 

b. Shear releases along the 1 - axis: These prohibit translation 

along the 3 - axis, rotation about the 2 - axis, and rotation 

about the 3 - axis~ 

c. Shear releases at the center point of the pallet are restrained 

in all directions except translation along the 2 and 3 - axes. 

The model can analyze pallets with either 4, 6, 8, or 9 blocks and up to 

13 deckboards. However, if the top stringerboards are cantilevered it 

will actually model up to 15 top deckboards. The program will 

automatically add two deckboards if the top stringerboards are 

cantilevered. Therefore the number of top and bottom deckboards is 

always input as the number between the outer edge of the outside blocks 

in the RAS span. 

The model is set up to have a maximum of 92 members with 291 degrees of 

freedom for the structure with 15 top deckboards. For geometries having 

fewer top deckboards, the model is dynamically restructured with the 

number of elements employed dependent on the number of top deckboards in 

the pallet. This considerably reduces the number of degrees of freedom 

for the smaller geometries thereby reducing computation time. 
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The rationale for the model of the deck-block joint is based on 

observations of physical tests and is discussed in chapter 5. Members 

representing stringerboards in the model are oriented with their length 

in the global 1 - direction. Deckboard members are oriented in the 

global 3 direction, and block members are in both the global 2 and 

global 1 directions. A maximum of three stringerboards per deck and a 

maximum of nine blocks can be accomodated. 

4.3 Analysis methodology 

This section outlines, step by step, the procedure followed to 

analyze block pallets in the RAS support mode. 

4.3.1 Structure definition: 

From the user input a model is assembled, representative of 

the real pallet, based on Figure 4.1. All material properties and 

geometries for each member must be defined in addition to the locations 

of all constraints and support joints. Joints are numbered as shown in 

Figure 4.1. Members representing the outer blocks and supports are 

mobile and can be located according to the pallet geometry. Those 

elements to the right of the outer block elements are unnecessary and 

are removed from the model. This minimizes the half band width thereby 

reducing the size of the system stiffness matrix. The computation time 

required to solve equation [3.2] depends on the number of top deckboards 

in the pallet. The following steps required to define the structure are 

executed by the program: 
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a. From the input number of top deckboards in the pallet, the number 

of elements needed in the model can be determined. A dynamically 

dimensioned array, MN (maximum dimension 13) corresponds to the 

number of elements up to and including the last top deckboard. 

This number is then added to 36 (the number of elements in two 

blocks). A "flag" variable is introduced into the end of the 

equation to add six more elements if the top stringerboards are 

cantilevered. A similar procedure with array JN 1s used to 

compute the number of joints in the model. 

where: 

NE= MN(NTD) + 36 + (6 * ICANT) 

NJ= JN(NTD) +I+ (5 * ICANT) 

NE= number of elements in the model, 

NJ= number of joints in the model, 

NTD = number of top deckboards, 

ICANT = cantilever flag: 0 = no, 1 = yes, 

[4.3] 

I= number dependent on the number of top deckboards, 

I= 29, if NTD = 1 

or I= 27, if NTD > 1 

b. The joint coordinates are established in subroutine 'COORDS'. The 

models' origin is located at the center of the bottom outer 

stringerboard. The location of the support joint is half the span 

and is stored for later use in determining the location of joint 

constraints. All 2 - coordinates are one of two values, zero or 
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block height. The 3 - coordinates also are either zero or half the 

width of the pallet. The 1 - coordinates are based on centerline 

locations of deckboards and leading edge locations of block 

elements. 

c. Member incidences (i.e the joint numbers at the a and b-ends of 

the member) up to and including the last top deckboard are 

initially defined in the main program. When the geometry and size 

of the pallet are established, modifications to the member 

incidences are made to account for the location of the outside 

block elements and cantilever stringerboard elements. Further 

modifications are made in subroutine '~INCS" to account for the 

position of the support joint and the top deckboard directly over 

the outer blocks. 

d. The next step is to define joint constraints and to determine the 

number of degrees of freedom for the structure. Each joint in the 

model initially has six degrees of freedom. Constraints are added 

to some joints along the centerline axes to account for shear 

releases. The degrees of freedom for support joints are modified 

to include constraints in the proper directions. An array, {JCODE} 

is set up to identify all constraints. The{JCODEJarray has six 

rows which correspond to the degrees of freedom in the global 1, 

2, and 3 directions. The number of columns in {JCODE} is equal to 

the number of joints in the model. Initially all cells in the 

{JCODE} array are set equal to "1" to represent freedom in all 
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directions. The array is then modified to account for the 

constraints and support joints by entering "O" in any cell 

corresponding to a constraint. 

All joints along the axes of symmetry are structured to act as 

shear releases except for the block member joints on the global 1 

- axis. The shear releases along the 1 - axis permit translation 

in the global 1 and 2 directions and rotation about the global 3 

axis. Those located on the global 3 axis allow translation in the 

global 2 and 3 directions and rotation about the global 1 - axis. 

The shear releases at the center point of the pallet are free to 

translate vertically and along the 3 - axis. All support joints 

are free only to rotate about the 3 - axis. 

The {JCODE} is further modified by assigning numbers in sequence 

to each non zero element in the array. The procedure followed goes 

from the first column to the last column for each element, ending 

with the degrees of freedom for the structure. 

A member code array, {MCODE} is then set up with twelve rows and 

one column for each member in the model. From the member 

incidences the joints at the "a" and "b" ends of each member are 

identified. The column in {JCODE} corresponding to the joint at 

the "a" end of the member is transferred into the first six cells 

of {MCODE}. Similarly, the second six cells are filled with the 

f JCODE} for the joint at the "b" end of the member. 
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e. From the defined member incidences the lengths of all elements are 

computed in subroutine ''LENGTS". All members are assigned 

properties and geometries in "PROPS". Subsequently, members that 

are inherent to the model but not present in the real pallet are 

assigned zero properties in ''DUMMY" • For example, if the real 

pallet had no bottom deckboards then those elements in the model 

that normally represent bottom deckboards would be given zero 

properties. For all real elements in the model the following 

parameters are calculated or assigned: 

• Modulus of elasticity, XMOE 

• Modulus of rigidity, XMG = XMOE / 16 

• Moments of inertia (EI) about the three principal axes, 

EI(l,I) = W(I)T(I) 3 [0.33-0.209(T(I)/W(I))TANH(l.5705(W(I)/T(I)))] 

( "SPACEPAL", 1984) 

EI(2,I) = T(I) W(I) 3/12 

EI(3,I) = W(I) T(I) 3/12 

• section moduli for the three principal axes, 

S(l,I) = EI(l,I) 2.0/T(I) 

S(2,I) = EI(2,I) 2.0/W(I) 

S(3,I) = EI(3,I) 2.0/T(I) 

• cross sectional area, 

A(I) = W(I) * T(I) 

where, I= element no. 

W = width 

T = thickness 
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These values are stored in arrays (I, W, and T) where the row 

number corresponds to the member number. See subroutine 'PROPS'. 

4.3.2 Equivalent joint loads: 

The equivalent joint loads are computed from the applied 

member loads in subroutines "RASUDL" and "RALINE". Uniform loads are 

applied directly to the deckboards. Each member load is transferred into 

equivalent joint forces (i.e Joint forces that cause the same member 

actions as the applied load). The equations in Figure 4.2 are used to 

calculate the fixed end forces for the loaded deckboard. The magnitude 

of the load on individual deckboard elements is determined by dividing 

the total load on the pallet by the total loaded area and then 

multiplying by the width of the deckboard. 

Line loads are considered to act as point loads on the stringerboards. 

The equations to calculate the fixed end forces for members subject to 

line loads are shown in Figure 4.3. 

With this information, an equivalent joint force vector, {q}, is 

assembled using {MCODE} to identify the degree of freedom associated 

with each equivalent joint load. 

4.3.3 Solution and stress computation: 

The system stiffness matrix is next assembled in subroutine 

"RAASSM". The element stiffness matrix is first defined for each member 
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Figure 4.2. Equations to compute the fixed 
end forces for deckboards subject 
to uniform loads. 
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Figure 4.3. Equations to calculate the fixed end 
forces for stringerboards subject to 
line loads. 
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and then transferred into the proper locations of the system stiffness 

matrix. The array {INDEX} is defined (Figure 4.4) and is used to "cross 

reference the position and number of each cell in the element stiffness 

matrix with the computed numerical value of the cell. The system 

stiffness matrix is assembled by referencing {MconE} to determine the 

cell coordinate in the system matrix, and the index array, to determine 

the value to be placed into previously identified cells" (Loferski 

1985). The element stiffness matrices for all model elements are defined 

in Figure 4.5. 

The Cholesky method (Holzer, 1983) is used to solve for the unknown 

displacements in the system equation (subroutine "SOLVE"). 

[3.2] 

Given the displacements of each member in the structure, the next step 

is to determine the corresponding stresses. This is done in subroutine 

"RASMST". In the RAS mode stresses are calculated for the stringerboard 

and deckboard elements. The stresses in the stringerboard elements are 

calculated using the equations in Figure 4.6. For line loads the load is 

considered to act directly on the stringerboard and the maximum stress 

may be located anywhere along the length of the member. The equations to 

compute stresses in stringerboard elements subject to line loads are 

shown in Figure 4.7. The equations to calculate the stresses in the 

deckboard elements are shown in Figure 4.8. 
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INDEX • 

where; 

G, G.z G., G.~ G. .. G,s -G. -G, -G., G,, G .. Gre 
G. Gs G, .. G,1 G,, -G, -G .. ·Gs G,. G,. G,, 

G, G;, G,. G., -G-, -{;~ G,. G,o G.u 
Gi &i G-9 -G,l ·G;• ·G,, GuGn Gz-+ 

Gio G., ·&.-~ ·G,. Git 615 G." 
G.1 ~s -G,. -&1, GJ4 G"' 611 

G, G, 63 ·G,, -6,. ·6,, 
G., G-5 -6" -6;~ -6-,, 

5 !1'" (i ·5,, -G10 -6,, 
G1 65 G9 

G,o G-.. 
6,1 

G • Global element stiffness coefficient 

Stringerboard,block and 
Rotational springs Axial springs deckboard elements 

~eckboard block 

Top Bottom 

Gl• lxl07 lxl07 lxl07 

G2• 1x107 lxl07 lxl07 

G6• lxl0 7 lxl0 7 lxl07 

G7• 9xl0 4 0 lxl07 

GlO• lxl0 7 1x107 lxl0 7 

G12• 0 Gam3 GamJ 

G22• -{;7 0 -{;7 

G25• --<;10 --<;10 --<;10 

G27• 0 -{;am3 -Gam3 

All other G values are 

Gam3 • Rotation modulus 
Gam4 • Separation modulus 

Top 
Middle 

Gl= 0 

G4• Gam4 

G6 .. lxl07 

G • 7 0 

G10• lxl0 7 

G12• 0 

G22• 0 

G25• -{;10 

G27"" 0 

equal to zero 

Gam5 and Gam6 are initially equal to zero 

Block 
Bottom 

Right 

0 0 

Gam6 GamS 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

Figure 4.4. Element stiffness matrix INDEX coefficients 
for rotational and axial springs 

See 
Figure 4.5 

44 



where 

g 1 = ,If 1 + 122/j 1 + 12/J/i 1 

Y2 = y/, •'12 + 122/ll/ll + 12/l/Jl/32 

g3 = y/1 ,,, J + 122/21 /23 + 12/J/JI /J) 

g. = y/i 2 + 122/i2 + 12/l/i2 

g~ = y/12113 + 122/12/23 + 12/J/n/33 

Yto = ylf l + 122/jJ + 12/l/il 

g, = «SIL + 4L22/i1 + 4L 2PIL 

g8 = cS/11/12 + 4L22/J1/n + 4L2/l/21 /22 

tJq = J/11/u + 4L2or/JI/JJ + 4L2/ll2 ,lll 

Y10 = c5lf2 + 4L22li2 + 4L2/Jli2 

Y11 = cS/12/13 + 4L22/Jl/Jl + 4L2/ll22IZJ 

Y12 = c5/f J + 4L22/il + 4L2/JliJ 

g13 = 6Lri/21 / 31 - 6L/l/31 121 

g,. = 6bl2,lll - 6Lfll3,l22 

g 1~ = 6L2/21/n - 6Lfl/31/u 

Yu,= 6Lx/22/J1 - 6L/l/ll/ 2, 

g., = 6lll2:l32 - 6L/l/ll/ll 

g II = 6L:,./ ll / Jl - 6L/I/ ll '2J 

,,.Q = 6l:1.l2Jll1 - 6Lfl/JJ/!I 

!ho= 6L:r/2J/ll - 6L/l/JJ/ll 

!hi = 6Lx/23lu - 6L/IIJJ/2j 

tJ:2 = -c5/i, + 2L22/i, + 2L2PIL 
Y!l = -cS/11/12 + 2L2x/ll/ 12 + 2L2/Jl21/22 

g24 = -J/ 11/ 13 + 2L22IJ,/ll + 2L2/ll2,l 2J 

tJi, = -Jli 2 + 2L2or/i2 + 2L2pg2 

!/2,, = -M,2l1J + 2L22/]2/Jl + 2L2/ll22l:3 

!/21 = -c5/;J + 2L22/iJ + 2L2/lliJ 

Taken from Holzer, 1985 

Figure 4.5. Element stiffness matrix INDEX 
coefficients for stringerboard, 
deckboard, and block elements. 
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2 

1 [fil d7 dlO - - ------------------------- - -
d3/f d2 3 d9/ t d8 

d6/ t d5 dl1 t dll 

L 

fl• l(dl - d7) 

f 2 • 120( d2 + 6Latd6 - 12o1.d8 + 61,c(d12 

f3 • 12pd3 - 6Lpd5 - 12~d9 - 6L~dll 

fs • -6L~d3 + 4L)d5 + 6LJ3d9 + 2L2pdll 

f 6 • 6Lud2 + 4L201.d6 - 6t«d 8 + 2L~dll 

fll • -Lf 3 - fs 

fl2 • Lf2 - f6 

where; A• cross sectional area 

s2 • section modulus with reference to local 2-axis 

s3 • section modulus with reference to local 3-axis 

d. • element degree of freedom i 
1 

D - EA/L 

• El3/L3 13 is the moment of inertia about the local 3-axis 

/3 • El2/L3 12 is the moment of inertia about the local 2-axis 

Figure 4.6. Equations to compute stress from 
displacements - RAS 
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./'-- X 
p 

2 

d4 dl I!) 1 
I 

[fil d7 dlO - - d9/f -do/1 d2 1/ 
d6/ t d5 dlr t dll 

L 

,. 
lf 1 • ~[(d 1 - d7)] + f(l,l) 

,. 
1£2 • [12~d 2 + 6Lo1.d6 - 12ad8 + 6Loc.d12] + £(2, l) 

,. 
lf 3 • [12pd3 - 6Lpd5 - 12~d9 - 6L,9d11J + f(J,I) 

1£5 • [-6~d 3 + 4LJ3d5 + 6Lpd9 + 2LJH 11] + f(5,I) 

lf 6 • [6L«d2 + 4L2o<d6 - 61.oldg + 2Ltd 12J + £(6,I) 

where; A• cross sectional area 

s2 • section modulus with reference to local 2-axis 

s3 • section modulus with reference to local 3-axis 

d. • element degree of freedom i 
l 

r • EA/L 

o(. - EI3/t 3 13 ia the moment of inertia about the 

ft· EI2/L3 12 is the moment of inertia about the 
A 

lf - f(N,I) + f N n 

local 

local 

Figure 4.7. Equations to calculate stress in 
stringerboards subject to line loads. 

3-axis 

2-axis 
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1 
2 

d4 dl (!] 1 ---· 7; • 
© d1/'1 d2 

dy l d5 

/ f@ 
l 

I, f2 
11, d ,, a ---+ , 

lmax • d + lf(2.I)/v a 

L 

V 

1 J l l l 

L 

Mmax • - lf(6.I) + lf(2.I)*(lmax+d /2) + lf(5,I) a 

1' - 1uu.01,1 • I Mmax1s2 1 • IMm•x/s3 1 

where; '(' • Maximum bending stress 

Mmax • Maximum bending moment 

d7 ·-d9 /fds 

dl2/ rll 

l !Ill 

Figure 4.8. Equations to compute stresses 
deckboard elements 

dlO --
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5.0 ANALYSIS OF RACKED ACROSS DECKBOARDS SUPPORT MODE (RAD): 

The previous chapter outlines the methodology used to analyze 

pallet response in the racked across stringers (RAS) support mode. This 

chapter details similar methodology for designing with the racked across 

deckboards support condition (RAD). 

The applied load is translated into load effects (i.e stress and 

deflection) in the pallet which are compared to the resistance of the 

components and any serviceability criteria. The overall strength of the 

pallet is governed by the maximum load effect. In the RAD mode this is 

assumed to be in either the top or bottom deckboard elements. 

5.1 Assumptions and limitations 

The two dimensional model used in the RAD mode is shown in Figure 

5.1. The top deck is modeled as a single deckboard with its width equal 

to the sununation of all the top deckboard widths. Similarly, the bottom 

deck is the summation of all bottom deckboards. Winged top deck members 

are included in the model and are given zero properties if absent from 

the pallet. For the sling support condition joint 15 is taken as the 

location of the support joint. The two possible RAD support joints are 3 

and 14. For stability reasons, joint 3 is located near the inside edge 

of the block. The outside block is modeled as a combination of rigidly 

interconnected members; the center block is modeled as a single vertical 

element. 
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a) cross section of a real pallet: 

... ·. 

Top deck __ ..., 

Center block 

Top 
stringer board 

Bottom 

Winged deck 

--+--Outer block 

stringerboard __ .t::::--.:::::::::-"'"""':-:-~ 

Bottom deck 

Pin support 

b) RAD model: 2, 
I ill 

(D 
II @ 

Figure 5.1. Analog model of RAD pallet 

rm 
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With stringer - type pallets, the inner stringers of three-and 

four-stringer pallets were asslUlled to cause the top and bottom decks to 

deflect equally. For block-type pallets, racked across the deckboards, 

the centerpoint of the middle stringerboard deflects more than do the 

ends, suggesting two-dimensional bending of the structure. However, from 

test observation and SPACEPAL results, the difference in deflection is 

negligible and hence, only bending about the global-3 axis is 

considered. For pallet geometries with no centerline blocks the maximum 

deflection will be in the top deck. 

5.2 RAD Analog model 

5.2.1 General model 

The RAD analysis procedure utilizes a model which simulates 

the behavior of a full pallet subject to a unit load in the RAD mode. 

This model was developed after observing the actions of pallets tested 

in the RAD support condition. The most important feature of the model is 

the deck-to-block joint and how it mimics the action of the deckboard 

relative to the block. From observations, the top deck was seen to pivot 

around the inside edge of the block. However, the bottom deck pivots 

around some point on or near the block depending on the support location 

(Fig.5.2). For example, if the support is located under the block to the 

right of its centerline, the joint tends to open when the pallet bends. 

If the support is to the left of the centerline a greater degree of 

fixity is seen. When the support is located at joint 3 (not under the 

block) the bottom joint becomes stiffer with increased load. 
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Figure 5.2. Pivot point for RAD support mode. 
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To accurately predict the response of a pallet to applied loads, the 

model must account for all these joint actions. The selected model 

considers the block as a rigidly interconnected framework of elements 

connected to the top and bottom decks by zero length springs (Figure 

5.3). These springs are assigned stiffness values corresponding to 

lateral, withdrawal, and rotational stiffnesses obtained from test 

sections. The actions of a block pallet in the RAD mode are simulated 

with a two dimensional model. This neglects bending about the global-2 

axis but results in a model that has fewer degrees of freedom than the 

three dimensional space frame model that was used with the RAS mode. 

Hence, the required computer memory and computation time is reduced. 

The model is set up as the right half of a symmetric pallet as shown in 

Figure 5.1. The actions of 4, 6, 8, and 9 block pallets are simulated by 

assigning the appropriate member properties to the elements of the 

model. For example, four and six block pallets require that member 1 be 

assigned zero stiffness. 

The model is initially solved with axial spring elements 7, 8, and 14 

given zero stiffness values in all directions. The model is then checked 

for compatibility and their axial stiffness value may be adjusted 

depending on the support location. For example, if the support is at 

joint 3 then spring element 14 will have a high axial stiffness to 

ensure that joint 7 does not pass joint 6. For the case of a winged 

pallet similar conditions are anticipated for spring elements 7 and 8. 

These compatibility conditions are insured in the program code. 
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2 3 
1 

5 

Rotational springs - 1 and 4 

Axial springs - 2 3 and 5 

Figure 5.3. Top and bottom deck connections to block. 
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To fully utilize symmetry, the model includes shear releases at the 

centerline (i.e at joints 1 and 2). These restrain translation in the 1 

- direction and rotation about the 3 - axis. 

5.2.2 Deckboard - block joint characterization 

To simulate the semi - rigid action of the deckboard -

block joint five springs are used to represent the top and bottom deck 

connections to the block (Figure 5.3). In a 3 - dimensional system each 

joint has six possible degrees of freedom: three translational 

stiffnesses along the three global axes (i.e parallel and perpendicular 

to the grain of the deckboard and withdrawal stiffness), in-plane and 

out-of- plane rotational stiffness, and twisting about the global 1 -

axis. These are shown in Figure 5.4. 

With the two dimensional RAD model the only relevant stiffnesses are 

translation parallel to the deckboard length, withdrawal stiffness, and 

out of plane rotational stiffness. From sensitivity studies carried out 

on full pallets and pallet sections using SPACEPAL, the most important 

joint parameter was found to be the rotational stiffness. Rotational and 

withdrawal stiffnesses (rotation and separation moduli) are assigned 

values representative of test results. Two springs (6 and 16) are 

assumed free and rigid respectively in the global I and 2 directions, 

and springs 8 and 14 are initially given zero stiffness in withdrawal. 

Depending on the loading condition, geometry of the pallet, and support 
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1) Lateral - parallel to 

deckboard 

2) Withdrawal 

3) Lateral - parallel to 

the stringerboard 

4) In - plane rotation 

5) Twisting 

6) Out of plane rotation 

(Rotation modulus) 

Figure 5.4. Six possible stiffness components of 
deck - block joints. 
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condition, the axial stiffness of springs 8 and 14 can change to insure 

geometric compatibility (see Figure 5.11). 

Values for rotational stiffness for nailed joints were determined by 

Samarasinghe (1987) for different species and nail combinations. The 

rotation modulus is dependent on edge crushing of the block, head pull 

through and withdrawal stiffness. For both the lateral stiffness and 

rotation modulus the values derived for a single nailed joint are 

multiplied by the number of nails on one side of the pallet to determine 

their effective value. 

5.2.3 Wing pallet modifications 

For winged pallets, members 19 and 20 are used to simulate 

a wing and are given properties and dimensions similar to the rest of 

the top deck elements. However for flush pallets these elements are 

assigned zero stiffness. For the sling support condition the point of 

support is located at joint 15. It is free to move in the 1 - direction 

and to rotate about the 3 - axis. All members are assigned real 

properties corresponding to those of the elements of the pallet. 

5.3 Analysis methodology 

The RAS model in the previous chapter contained a variable number 

of elements depending on the number of top deckboards in the pallet. The 

analysis procedure uses an automatic assembly technique to compute the 

system stiffness matrix. This technique is also used in the RAD model. 

However, the RAD model has a fixed number of elements representing any 
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pallet geometry. Modifications to the stiffness matrix due to support 

placement are automatically carried out in the assembly technique. The 

algorithm of the assembly and solution techniques are outlined in 

section 3.4. 

5.3.1 Definition of the structure: 

a.) The model is set up as a half symmetric version of the 

full pallet (either winged or flush). Member incidences are fixed for 

al 1 geometries in ''MAIN" with the numbering scheme shown in Figure 5.1. 

b). The {JCODE) and [MCODE1 arrays are defined and the unknown joint 

displacements are identified. The {JCODE} is initially defined in MAIN 

and later modified to account for constraints in subroutine "CODES" 

corresponding to the degrees of freedom associated with each joint in 

the model. The numbering sequence of the degrees of freedom may change 

depending on the support location as shown in Figures 5.5 - 5.7. From 

this, {MCODE} is defined for each element in subroutine •~ODES", 

matching the unknown end displacements with the 'a' and 'b' ends of the 

members. The degree of freedom numbers of the joint at the 'a' end of 

the member are transferred into the first three cells of {MCODE} and 

those for the 'b' end into the second three cells. 

c). The material properties for each element are defined in subroutine 

"PROPS". These are set to represent the members in the actual pallet. 

The following are calculated or defined for each member in the model:-
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3, 
33 

Figure 5.5 Possible joint motions used to 
develop JCODE for RAD support 
at joint 3 
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Figure 5.6. Possible joint motions used to 
develop JCODE for RAD support 
at joint 14 
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t I 
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0 

3 

Figure 5.7. Possible joint motions used to 
develop JCODE for RAD support at 
joint 15 
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• Modulus of elasticity, XMOE 

• Area, A(I) = W(I) * T(I) 

• Moment of inertia about the 3-axis 

EI(I) = W(I) T(I) 3/I2 

• Section modulus 

S(I) = EI(I) 2.0/T(I) 

• Modulus of rigidity 

XMG(I) = XMOE(I) / 16 

• Length, EL(I) 

The direction cosines, which transform the elements from their local 

reference planes to the global reference plane, are also defined for 

each element in "PROPS". 

5.3.2 Equivalent joint loadst 

For each load type the member loads are transformed into 

equivalent joint loads and assembled into an array, Q • Two conditions 

are allowed: Uniform load (full or partial) and line load. 

a. Uniform loads - may fully or partially cover the entire top 

deck. The equations to calculate the equivalent joint loads are 

defined in subroutine "UDL" and are shown in Figures 5.8, and 

5.9. 

b. Line loads - 1, 2, or 3 symmetrically placed line loads are 

simulated by point loads on the top deck members in the model. 
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a) M I I l I l I I~ I I I I I I I I l I J~l I J I t (!) ~; 
1.m t{,4) L(s}-+ 

"'z ""'• " .. 5 "'§ "''' 

~Q,• -~l 
Q1•·{,-f, o,,= -'ft-fz. o~• -f -f. 5 l. 

b) ti ~i ( ! s~ • 
Ai A4 A. "S "' "" Q,. -+.-t Oao = -f" -~ OJ -f"-~ 

"2 "• ::,c; .. 5 •,9 

Q ·-f2 05• -f,-fz 0,1' -~ ·fz Q2,• -f,-fz. 
c) I 2 ~! (! J 

I (. « " "'1, ..-4 "'• "'~ a , -r-t9 Q'" • -l., -f1 O,s O -f" -t~ i!4 " 

... ... "s "'5 "'1, 
"2 Q l: -f5 -f, Q,9' · f, -fl. Ozs O -f, -f2 Q '-f. 

d) i I l (1 ~l ('~ r,2 .. , a,,-~-f~ ... ·~ Qzo • -{" -(~ 
"'S A,, 

Oz"' -f,-f~ 

For i • 2, 4, 5 

where f i -n 

Af i A i 
6 • -fl 

local fixed-end force in the nth direction for 
member i 

Figure 5.8. Load models for full uniform load for all support 
conditions. 

a) Full uniform load over the entire top deck 
b) Equivalent joint loads for support at joint 14 
c) Equivalent joint loads for support at joint 3 
d) Equivalent joint loads for support at joint 15 
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W +--XS-+ 

d) l l 1 l I 1 l l I I l 111 ll l~ J 1 J l & ® 4 • 

Figure 5.9, Load models for partial uniform load over the top deck 
a) fixed end forces corresponding to degree of freedom 

of structure, 
b) Partial uniform load over member 2 
c) Partial uniform load over member 4 
d) Partial uniform load over member 5 
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Member: 

2 

4 

s 

Equivalent fixed end forces: 

£52 • W/2L3(2L3(L - X2) - 2L(Ll - x23) + (L4-X24)J 

f 2 • W(L - X2) - f 2 
2 S 

f 2 • W/12L2(4L(L3 - X23) - 3(L4 - X24)J 3 
t62 • -W/12L2[6L2(L 2 - X22) - 8L(Ll - X23) + 3(L4 - 124)) 

t54 • W/2L3(2L3(L - X4) - 2L(L3 - X43) + (L4-x44)J 

f 4 • W(L - X4) - f 4 
2 S 

f 4 • W/12L2[4L(L3 - X43) - 3(L4 - X44)J 3 

f 4 • -W/12L2[6L2(L2 - X42) - 8L(L3 - X43) + 3(L4 - X44)J 6 

t 55 • W/2L3[2L3(L - XS) - 2L(L3 - xs3) + (L4-xs4)J 

f 5 • W(L - XS) - f S 
2 S 

t35 • W/12L2[4L(L3 - XS3) - 3(L4 - XS4)J 

f S • -W/12L2[6L2(L2 - xs2) - 8L(L3 - xs3) + 3(L4 - xs4)J 6 

L • length of member 

Figure S.9a. Equations to compute the fixed end 
forces for a partial uniform load 
over the top deck 
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In all three cases the loads are allowed to act only on member 

2. Because of symmetry, the load applied at the centerline 

(joint 1) is one half the applied load for 1 and 3 line loads. 

The equations to calculate the equivalent joint load vector used 

in subroutine "LINE" are shown in Figure 5.10. 

5.3.3 Stiffness matrix: 

The local element stiffness matrices are next defined and 

then assembled into the system matrix. There are three element types 

employed in the RAD model requiring three different element stiffness 

matrices. These types define a: 

a. zero length rotational spring, 

b. zero length axial spring, 

c. stringerboard, deckboard, or block element. 

These matrices are shown 1n Figure 5.11 and are coded in subroutine 

''MEL EMS II. 

The {MCODE} is used to fill the cells of the system stiffness matrix 

[KJ. It identifies the members which influence each cell and assembles 

it, element by element into the stiffness matrix in subroutine "ASSEMS". 

5.3.4 Solution and stress computation: 

The displacement vector D in the basic matrix equation 

[5.4) 
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X f t3( I 
j @ 

f2 

12 

A 3 - X)2(12 f(2,2) = P/1 2 [(1 2 + 2X)] 
,A 

X [(1 2 - X)/1 2]2 f(3,2) = p 

A 

f(S,2) = p x2 (31 2 - 2X)/1 23 
/' 2 f(6,2) = -P (1 - X) (X/1) 2 2 

Figure 5.10. Computation of fixed end forces 
for member 2 subject to line loads 

) f6 

t f S 
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Cl G2 G4 ~l ~2 G4 

G3 G5 ~2 ~3 ~5 

INDEX• 
G6 ~4 ~5 ~7 

Cl G2 ~4 

Symmetric G3 ~5 

G6 

G • Global element stiffness coefficient 

where; 

Stringerboard, block 
deckboard elements Rotational springs Axial springs 

2 2 G • e1..~Cl +12C2 ) 1 
G • 2 o1..c1c2<ft- 12) 

G • 3 O£(pc2 2+12C12) 

G • 4 -ol'.6LC2 

G • 5 Ot'.6LC1 

G • 6 r;i.4L 2 

G • 7 
o(2L2 

c1, c2 • Direction cosines 

Gam.3 • Rotational modulus 

Gam4 • Separation modulus 

Gam5, Gam6 are initially zero 

Cl• 

G • 2 
G • 3 

G4• 

G • 5 

G6• 

G • 7 

6 16 7 8 

0 lxl0 7 G • 1 0 0 

0 0 G • 2 0 0 

() lxl06 G • 3 Gam4 Gam6 

0 0 G4• 0 0 

0 0 G5• 0 0 

GamJ Gam3 G6• 0 0 

~amJ ~amJ G7• 0 0 

Figure 5.11. Element stiffness matrices for rotational and uial springs, 
and stringerboards. deckboards and block elements 

14 

0 

0 

Gam5 

0 

0 

0 

0 
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where {F\= global element force vector. 

is solved by the Cholesky method in subroutine "SOLVE". From the 

resulting element end displacements the element stresses are calculated 

in subroutine "MSTRES". These are computed for the 'a' and 'b' ends of 

each deckboard member using the formulae in Figure 5.12. The element end 

stresses are determined for all top and bottom deckboard elements. 

Bending stresses are calculated in the loaded top deckboard members as 

follows:-

a. Members 2, 4, and 5 - stresses are computed using the equations 

shown in Figure 5.13. Bending stresses are determined in all 

three members for a uniform load and only in member 2 for point 

loads (Figure 5.14). 

b. Members 3 and 15 - stresses are computed using equations shown 

in Figure 5.15 if the support location is at joint 3. 

The element with the maximum critical stress, and its location are 

determined and reported to the user. The vertical deflection is checked 

for all joints in the model and the maximum value is identified and 

reported. 

5.3.5 Winged pallet and sling support condition: 

No modifications to the basic model or the procedure used 

to set up the system stiffness matrix are necessary for a winged pallet. 

The only loading condition which members 19 and 20 can experience is a 
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2) dJ @] 
dl • 

I 

f d2 
3/ 

L 

fl• EA/L (d 1 - d4) 

f 2 • 12EI/L 3 (d 2 - d5} + 6EI/L 2 (d 3 + d6) 

f 3 • 6EI/L 2 (d 2 - d5) + 2EI/L (2d3 + d6) 

£6 = f 2L - f 3 

where A• cross sectional area 

S • section modulus 

di• element degree of freedom i 

1 

Figure 5.12. General equations to compute stress 
from displacements - RAD 

Ifil ) d6 
I 

t d5 
d4 
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21 1 d3 @] 
dl_. .. 

r y © 
d2 

L 

fl• EA/L (d 1 - d4) 

f 2 • 12El/L 3 (d2 - d5) + 6EI/L 2 (d 3 + d6) 

f 3 • 6EI/L 2 (d 2 - d5) + 2EI/L (2d3 + d6) 

t 6 • t 2L - t 3 

where A• cross sectional area 

S • section modulus 

d. • element degree of freedom i 
1 

I • 2, 4, 5 

{fil 

l d5 

Figure 5.13. Equations to compute stress in members 
2, 4, and 5 from displacements - IAD 

)d6 

d4 
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l d2 f d5 dl- ________________ ...,; - d4 

\_.- d3 ~d6 

V 

l * l l + © 
r-X 

i • 2, 4, 5 

Xmax • X + lf(5,i)/v 

Hmax • -lf(6,i) + lf(5,i)[(Xmax + X)/2) 

• ltf(l, i)/A( ol l"-ax/S( i)j 

a) Unifonn loads 

i • 2 

Mmax • - lf(3,i) + [lf(2,i)*A) 

v •jlf{l,i)/A(i)I IMmax/S(OI 

b) Line loads 

"' . where: lf(n,i) • f 1 + f 
D D 

B------

,g- • Maximum bending atreas 

Figure 5.14 Equation• to compute stress in top deck member•. 
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21 ,-.... 
1 d6,d3 

dl-• { .. 

t d2 
1/ Q) ·rn 

L3 

a) member 3: 

fl• EA/L3 (d 1) 
3 2 f 2 • 12El/L3 (d2) + 6El/L3 (d 3 + d6) 

2 fJ • 6EI/L3 (d 2) + 2EI/L3 (2d3 + d6) 

f6 • f2L3 - f3 

b) member lS: 

fl• EA/L15 (-d 4) 
3 2 f 2 • 12BI/L15 (-d 5) + 6EI/L15 (d3 + d6) 

2 fl• 6EI/L15 (-d 5) + 281/LlS (2d 3 + d6) 

f6 • f2L15 - f3 

'{_ -a A A 

where , A• cross sectional area of bottom deck 

S • section modulus of bottom deck 

LlS 

Figure 5.15. Computation of stress in RAD members 3 
and 151 with support at joint 3. 

• [1] 

lds 
d4 
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full uniform load over their lengths. The fixed end forces are 

calculated for these members as shown in Figure 5.16. 

Element stresses are calculated for members 19 and 20 with no acting 

loads using the equations shown in Figures 5.17 & 5.18. When a uniform 

load is applied to members 19 and 20 the stresses are calculated using 

the equation in Figure 5.19. 
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a) 
00 

b) 

c) 

d) 

f 19 • f 19 • WL(l9)/2 2 5 
f 19 - WL(l9)2/12 . f 19 - -Af 19 

3 ' 6 3 
f 20 • f 20 • WL(20)/2 2 5 
f320 • WL(20)2/12 ; £620 • -f320 

Q .. • ~i:a 
(. ( ! 

Figure 5.16. Load models for full uniform load on members 
19 and 20 for all support conditions. 
a) Full uniform load over the entire top deck 
b) Equivalent joint loads for support at joint 14 
c) Equivalent joint loads for support at joint 3 
d) Equivalent joint loads for support at joint 15 
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L 

fl• EA/L (dl - d4) 

f 2 • 12EI/L 3 (d2 - d5) + 6EI/L 2 (d3 + d6) 

fJ • 6EI/L 2 (d2 - d5) + 2EI/L (2d 3 + d6) 

f 6 • f 2L - f 3 

V: .. 
(,-

where A• cross sectional area 

S • section modulus 

A 

d. • element degree of freedom i 
1 

I• 19. 20 

Figure 5.17. Computation of stress in RAD members. 
19. and 20 for support joints 3 and 14. 
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d3 [!Q] 2G d6 d3 
dl 

dl 
1 d4 

• ® V .ITil ® l d2 

Ll9 L20 

a) member 19: 

fl• EA/L19 (dl - d4) 

3 2 t 2 • 12El/t 19 (d2) + 6EI/L 19 (d 3 + d6) 
2 t 3 • 6El/L 19 (d 2) + 2EI/L 19 (2d 3 + d6) 

f6 • f2Ll9 - f3 

b) member 20: 

fl• EA/L20 (dl - d4 ) 
3 2 £2 • 12EI/t 20 (-d 5) + 6EI/L 20 (d3 + d6) 

2 t 3 • 6EI/L 20 (-d 5) + 2EI/L 20 (2d3 + d6) 

f6 • f2L20 - f3 

v:. - fl f3 
'f: - ~I I . f6 

+ a A s tr s 

where ; A • cross sectional area of top deck 

s - section modulus of top deck 

Figure 5.18. C0111putation of stress in RAD members 19 
and 20, for sling support condition, 
(support at joint 15). 

d6 

f [!]] 
.. 
d4 

d5 

77 



f d2 r d5 
dl- ------------------ -d4 

\..J d J d 
3 6 

w 
X 

' l ' l ' I l fu i 

i • 19, 20 

Xmax • X + lf(S,i)/w 

Mmax • -lf(6,i) + lf(5,i)[(Xmax + X)/2) 

V- •llf(l,i)/A(i)/ + IMmax/S(i)j 

where: " i lf(n,i) • f + f n n 

Figure 5.19 Equation to calculate the stresses in 
members 19 and 20 for a uniform load. 
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6.0 EXTENSION TO TIIE STACK CONDITION 

The previous two chapters have outlined the analysis methodology 

used for block pallets in the RAD and RAS support modes. However, 

pallets are often stacked on one another or supported on a rigid base. 

The objective of this chapter is to extend the analysis methods to 

include the stacked condition. 

6.1 Basic assumptions 

As with the RAS and RAD support modes, the load effects are 

determined in terms of stress and deflection. For the stack condition 

the critical members are the top deck members of the bottom pallet and 

the bottom deck members of the second pallet in a stack. The method of 

load transfer is assumed to be different than the racked support modes. 

The blocks act as support columns and transmit some of the load directly 

to the floor surface. The remainder is distributed over the 

stringerboards and deckboards, as shown in Figure 6.1. The critical 

elements are then deck members stressed in bending. Depending on the 

distance between blocks and the number of boards, either stringerboards 

or deckboards may be critical. 

The two models presented in chapters 4 and 5 are employed in the stacked 

analysis procedure. The RAS model is used to determine the load effects 

in the critical top stringerboard members and the parallel bottom deck 

members. The RAD model calculates the maximum load effects for the top 

deckboard members and the parallel bottom deck members. In both models 
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Figure 6.1. Schematic diagram showing the 
assumed load transfer in stacked mode 
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the top and bottom decks are considered to act independently of one 

another (i.e not as a composite structure). All assumptions and 

limitations inherent in the development of the RAS and RAD models also 

apply to the stack analysis. 

6.2 Stack analog models 

Modifications to both models redefine the analog structure to 

model the above actions. The boundary conditions which define the joint 

constraints were modified to establish a more efficient model to compute 

critical stresses and deflections. The solution routine used to 

calculate the load effects remains the same for all cases. 

6.2.1 Modifications to the RAS analog model: 

The model remains a quarter symmetric 3-dimensional 

structure with no modifications to either the number of elements or the 

number of joints. Shear releases along the two axes of symmetry allow 

vertical displacement of the joints located on the center lines. 

Modifications to the joint constraints for the stack condition are made 

in subroutine "STACK.I" as follows (see Figure 6. 2): 

a) Joints 1, 2, 3 and 4 are constrained in all 6 directions if 

elements 2 and 3 have non zero properties. 

b) All joints which connect members in the 2 outer blocks are 

constrained in all 6 directions if the connecting members have 

non zero properties. 
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c) For members that have zero properties the incident joints are 

free to translate vertically (e.g if there is no center block 

then joints 2 and 4 are free to translate in the global 2 

direction for the first or second pallet in a stack and only 

joint 2 is free to translate vertically for the bottom pallet). 

One analysis is carried out for the STACK-RAS model with loads applied 

to both the top and bottom decks. The equivalent joint loads on the top 

deck are calculated as shown in chapter 4. The equivalent joint loads 

for the bottom deck are calculated in subroutine "STACKL" using the same 

procedure. The critical deflection is determined in subroutine "STACKD" 

for the top stringerboard elements and the bottom parallel boards. For 

pallets containing only 4 blocks the maximum deflection is calculated at 

joints 1 and 3 or 2 and 4. If there are three blocks per stringerboard 

the deflection is determined by Lagrangian interpolation between the 

calculated deflection at points in the span between the center block and 

the inside edge of the outer block. Only maximum deflection in the span 

is reported (see Figure 6.3). The method of calculating stress remains 

unchanged. 

6.2.2 Modifications to the RAD analog model: 

To mimic bending in the stack support condition an 

additional element and joint were added to the 2-dimensional RAD model 

as shown in Figure 6.4. Elements 2,3,21 and 15 are of equal length. 

Joints 3,4,and 17 are left free to rotate and translate. Maximum 

deflection is calculated at joint 17 when member 1 has non zero 
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Figure 6.3. Measurement of maximum deflection 
in stringerboards for stacked condition 
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stiffness properties. For a 4-block pallet and a 6-block pallet(with 

three blocks per stringerboard), joints 1 and 2 are allowed to translate 

vertically and the maximum deflection is calculated at joint 1. A 

separate analysis is conducted for the top and bottom decks. Properties 

are assigned to the top members of the model representative of the top 

deck in the pallet and the load effects are determined. The bottom deck 

properties of the pallet are then assigned to the top deck members in 

the model and the analysis procedure is repeated. The method for 

computing maximum stress is unchanged. 
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7.0 EXPERIMENTAL VERIFICATION 

7.1 Introduction 

The analysis models presented in chapters 4 and 5 required the use 

of some limitations and assumptions to realistically estimate the 

results of very complicated actions in a pallet. Some simplifications 

were made as to the mechanism of load transfer, analog idealizations of 

load and support conditions and the actions of individual members and 

joints. The net effect of these simplifications may result in errors in 

the prediction of load effects. To verify the models and develop 

confidence in their prediction an experimental program was conducted. 

The objective of this chapter is to document those tests and make 

comparisons between test results and predictions. 

7.2 Experimental design 

To verify the RAD and RAS analysis models the test deflections and 

average stiffnesses of the pallets were compared with the results 

obtained from the models. The deflection used for the verification 

procedure was the central deflection. Pallet stiffness was computed as 

the slope of the linear portion of the total load-center deflection 

curve for each pallet or section. 

The pallet types selected for testing included five designs which are 

shown in Figure 7.1 and detailed in Appendix D. The study variables 

included number of top deck elements, number of bottom deck elements, 

and dimensions of all members. 
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These designs were selected to be representative of the most common 

expected variations found in practice. The blocks in all designs were 

oriented horizontally (i.e length of block parallel to pallet length) so 

that the fastener penetrated the side grain. Each deck-block joint was 

connected with three fasteners, sized according to the thickness of the 

deckboards. The type, size and length of fasteners used in the 

experimental pallets are detailed in Table D.3. All pallets were 

constructed of yellow poplar or red oak material in the green condition 

(i.e M.C. > 28% ). 

In the RAS mode eight pallets of two designs were tested under uniformly 

distributed loads at each of three different spans - 41, 43, and 45 in. 

A winged pallet (design 3) was tested RAS at a 33 inch span. Twelve 

pallets of three designs were tested in the RAD mode also under uniform 

loading, nine at spans of 39 and 45 in., and three at spans of 41, 43, 

and 45 in. The spans were varied so that the supports would cause 

different deckboard-block joint behavior. Six pallets were loaded to 

failure in RAS after testing at all study spans. All materials were 

kept green in a refrigerator to retard mold and blue stain. Each pallet 

was assembled per Figure 7.1 by hand using hammers to insert fasteners. 

7.3 Methods and materials 

All stringerboards and deckboards were tested in center point loading to 

determine the MOE (modulus of elasticity) prior to assembly into a 

pallet. Three measurements of width and thickness were taken along the 
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length of each piece and the average values recorded. These results are 

also tabulated in Appendix D. 

The test machine used to evaluate pallet response to a uniform loading 

condition is shown schematically in Figure 7.2. This machine uses an 

inflatable dunnage bag to apply a uniform load over the top deck of the 

pallet. Load is measured by load cells located under the four corners of 

the pallet. Deflection is measured at three points along the center line 

of the pallet. Details of the apparatus are in Fagan(1984). During 

testing the bag was inflated at a metered rate and a HP9000 

microcomputer automatically recorded the load and deflection measured by 

each transducer. The results were later analyzed on a mainframe 

computer. After testing at the various spans some pallets were loaded to 

failure and ultimate strength and failure mechanism was recorded. 

7.4 Results and discussion 

The predicted and measured deflections of all pallets tested are 

presented in Appendix E. The average percentage deviations between 

predicted and experimental stiffness for all designs are shown in Table 

7.1. These results show that, on average, the models overestimated 

experimental stiffness in both the RAS and RAD modes for uniform loading 

conditions by 4.6% and 8.2%, respectively. These differences between 

predicted and actual results may be attributed to a number of reasons; 

errors in determining actual material properties for the elements, 

prediction of rotation modulus for stiffness verification, errors during 

apparatus set up and errors associated with assumptions made in the 
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Support mode 

RAS 

RAD 

Table 7. I. Summary of the comparison between model 
predictions of the stiffness of unifonnly loaded 

test pallets and experimental results. 

Percent deviation between 
Predicted and experimental stiffness 

Pallet Average Range 
Design 

l 5.9 2.9 - 10.9 

2 6.7 3.2 - 11.6 

3 I.I -
l 7.7 I. 7 - 16.4 

4 7.8 1.4 - 23.0 

5 9.1 1.9 - 13.0 



analysis procedure. 

Three different support locations were used in the test procedure; a) 

the support placed at the center of the outer block, b) the support 

placed to the left of the center line of the outer block, and c) the 

support placed to the right of the center of the outer block. Each 

support location had a considerable effect on joint behaviour. Putting 

the support to the right of the centerline of the block resulted in the 

largest test span and hence, the largest deflections compared to the two 

other spans. Here the joint opened in the manner forecast by the models. 

As the span was shortened the level of fixity of the joint increased and 

there was less separation of top and bottom deck members from the block. 

With RAS, the model was slightly more conservative for the longest span. 

There were no significant differences between the results at the two 

shorter spans. With RAD no consistent difference in the predictive 

ability of the model was noted with span. 

The thickness of the deckboards and stringerboards used in pallets 

tested RAD (Table D.2) were varied to confirm the models capability at 

different levels of stiffness. Both the centerline deflection and the 

degree of fixity of the deck-block joint increased as the thickness of 

the boards decreased. The greater deflection may be attributed to the 

lower flexural rigidity of the deck elements. For the lower thicknesses 

the top deckboards tended to bend, not around the pivot point, but out 

from the inside edge of the outer block. The thicker boards, on the 

other hand, had a higher flexural stiffness and tended to separate more 
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from the block. No difference in the predictive ability of the model was 

noted with stiffness variation. 

Tests of six pallets RAS were successfully carried out to failure. These 

results are shown in Table 7.2. There is no clear way to assess the 

ability of the RAS model to predict ultimate strength since component 

modulus of rupture was not known apriori. However, asstnning linear 

elasticity to failure the predicted bending stresses are well within the 

range shown for deckboards by McLain et al (1986). The failures were 

noted to occur at or near the predicted points of maximum stress. 

Considering the high variability of the material and its properties, the 

models adequately predict the response to applied load conditions. 
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Pallet 
ID No. 

4 

5 

6 

7 

8 

9 

Predicted failure 
Span Ultimate Bending stress 
(in.) Load (lbs) Deflection (in.) (Linear),pai 

4.5 6038 2.12 8625 

43 7024 2.50 7547 

41 6002 2.04 6026 

45 7023 3.68 7557 

41 8032 2. 72 8158 

33 9203 1.83 6009 

Table 7.2. Ultimate teat results for uniformly 
loaded pallets - RAS 

Observed 
failure 

Outer stringer 

Outer stringer 

Center stringer 

Center at ringer 

Outer stringer 

Center stringer 
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8.0 SUMMARY AND CONCLUSIONS 

Wooden pallet production uses as much as 20% of the total annual U.S. 

lumber production. However, standardized design procedures for these 

products have only recently been developed. These procedures are needed 

to efficiently balance safety and economy in pallet design and to 

provide a rational means of comparing design alternatives. Research to 

develop these procedures has been undertaken by the U.S. Forest Service, 

the National Wood Pallet and Container Association, and Virginia 

Polytechnic Institute and State University. Phase I of the research was 

directed towards the stringer-type pallet while the block-type pallet 

was considered in Phase II. The objective of this thesis is to 

establish standard methods to analyze block-type pallets for strength 

and stiffness in response to defined load and support conditions. 

The analysis procedures for block pallets were developed in computerized 

form. The Fortran programs presented in Appendices A, B, and Care used 

in a version of the Pallet Design System (PDS) geared to block pallet 

design. Matrix structural analysis models and solution routines were 

developed to analyze racked across stringers (RAS), racked across 

deckboards (RAD), and stack support modes. The loading conditions 

considered include 1) Full uniform load, 2) Partial uniform load, and 

3) 1, 2, or 3 line loads. A 3-Dimensional model is employed for the RAS 

and Stack modes, and a 2-Dimensional model is used for the RAD support 

condition. 
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Sensitivity studies were conducted to determine the influence of the 

magnitude of various joint properties on pallet response. Specifically 

for pallets RAS and RAD, the deck-block joint was examined for the 

influence of rotational and withdrawal stiffness on pallet response. 

Pallet deflection was shown to be insensitive to translational stiffness 

in the deck-block joint. Pallet response was also not sensitive to the 

level of translational or rotational stiffness of the 

deckboard/stringerboard joint in the RAS model. A 100% change in the 

deckboard/stringerboard joint translational stiffness in the global 1 

and 3 directions resulted in a Oto 2% change in center point 

deflection. Rotational stiffness about the global 3-axis (i.e 

deck-block rotation) was found to be the most important joint parameter 

with a 10% change in pallet center point deflection resulting from a 

100% change in rotation modulus. 

RAS ANALOG MODEL: The 3-Dimensional model employed in the RAS support 

mode uses matrix structural analysis methods to calculate stress and 

deflection in critical members subject to common loading conditions. The 

model is presented as a quarter symmetric structure of a pallet 

utilizing shear releases along the lines of symmetry. The number of 

elements used in the model dynamically changes depending on the number 

of top deckboards in the pallet. The joints are modeled as zero length 

spring elements to emulate their semi-rigid nature; all deckboard and 

stringerboard elements are given material properties representative of 

those in the full pallet. 
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RAD ANALOG MODEL: Experimental observations and theoretical studies 

showed that two-way bending of pallets in the RAD mode was negligible. 

Hence, a 2-Dimensional model was used to mimic the actions of a 

block-type pallet in the RAD support mode. The number of elements and 

joints were fixed at 20 and 16, respectively. The model was reduced to 

half symmetry employing two shear releases at center line. The top deck 

elements are assigned material properties equal to the sum of those for 

the top deck of the full pallet. A similar process is used for the 

bottom deck elements. Properties of members not used for a specific 

geometry are given zero stiffness. A unique model of joint behavior was 

developed to imitate the actions of the very important deck-block 

joints. 

STACK MODELS: The RAS and RAD models are used with some modifications 

for the stack condition. The critical stringerboard elements are 

identified using the RAS model; the RAD model is used to determine the 

critical load effects in the deckboard elements. Only a full uniform 

load is considered in the stack condition with a minimum of four top 

deckboards. Modifications are made to the joints by applying constraints 

in all directions to those joints connecting block elements. 

To verify the RAD and RAS models a series of tests were carried out on a 

total of twenty pallets of five designs. The pallets were loaded by an 

airbag and deflection noted. For verification the test deflections and 

average stiffnesses of the pallets were compared with those predicted. 

100 



The average percent deviation in stiffness between predicted and 

experimental for the RAS support mode was 4.6% over a range from 1.1 -

11.6% deviation. For the RAD mode the average percent deviation was 8.2% 

over a range from 1.7 - 23.0% deviation. Tests of six pallets RAS were 

successfully carried out to failure. The average predicted failure 

stress in bending was 7320 psi which is in the range found by McLain et 

al (1986). 

In conclusion, the three models used with the matrix structural analysis 

techniques adequately predict the response of block pallets subject to 

the study load and support conditions. These analysis procedures, used 

in conjunction with Reliability-Based safety checking, ensure that 

block-type pallets will meet the desired performance requirements with 

an assured level of safety and economy. 
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Appendix A: 

Program listing - (RAS) 

104 



I= 1,NE 

I= l,NE 

MAIN 
Support location, Style, 

----support condition 
# joints & # elements 

COORDS Identifies joint support 

MINGS 

CODES 

___ _, 
Initialize joint load vector & 
fixed end force vector to zero 

LTYPE 

Initialize system stiffness 
-----imatrix to zero 

r - ..... -__._ _ __,, 
I MS 
I 
I SSM L ~--~-~ 

SOLVE 

-----iinitialize member-end 
force vector to zero 

r--

: RAELMF 

I 
I RASMST 
L __ 

Maximum displacement 

Maximum stress 

------lSTACKD 

END 
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........................................................................ 
• RAS ANALYSIS ..... . 

C 
C TIIIS VERSION 01' RAS CODING ALLOWS FOR OSI.Y ONE VALUE FOR MOE TO llE 
C ASSIG:-.iED TO BOTH DECKBOARDS AND STRlr-;GERBOARDS ON TOP AJ\.D BOTroM 
C DECKS. 
C 

C 

C 

C 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 

DOUBLE PRECISION BLKLOC(2,3),TDLOC(J 5),TDW( I 5),BLKW(2),XLC(JOO), 
S YLC{ 100),ZLC( 100),EU 100),TSBW(2),BSIJW( 2), 
S BDW(J 5),XMOl:(100),W( 100),T(I00),X\fGt I00),El(3,IOO), 
S S0.100),X\f J( I 00).()(600),F( 12, I 00),SS(600.,,,~J),G(27), 
S A( 100),1'16.100),D(l 2),DL(l 2),FU 12.100),f-LO( 12), 
S 1 SBE,BSBE.ll1.KL(2),BDLOC( I S),DISl'l.(6.100), 
S TD BE. Ill> lll'.ST( I 00),ST A( I 00), DST!){ I 00), 
S STIJi J0IJ),SSMAX,Xl'OS,WL( 100),DST( 100),DS!\IAX.DSTA( JOO), 
S RASPA N,Xl'LENG,XPWll>T,IJLKT,TDT.IJD I .TSIIT,BSBT,CL,Sl.,XTD, 
S XTSll,SUPLOC.CAr-TL,llAREA,B\IOE,XLOAD.Pl,P2.DEFL(JOO), 
S GAM~GAM~GAMtGAMLYMAX 

INTEGER JCODF.(6, I S0),MINC(2,92),MCODE( 12, I 00),JN(J 3),M N( 13), 
S IFLAG(I00),ISL(I00) 

PARAMETER (MX 94, MXNEQ = 6 • (MX · I), BMOE = IO.OD +06, 
S BA REA 500.0D • 0) 
DATA 1'TD.'IBD.NTSB.NBSl3,1'1JLKi5,0,3,3,9.1 
DATA RASPA N,Xl'LEN<,,XJ>WJl)T/33.01> • 0,48.01> + 0,40,0D • 0/ 
DATA DLKT,NIJLKl'S,IJI.KW,BJ.KL/3.625D0,3,2'3.12SD +0/ 
DATA IILKl.O<(1.1),BLKI.OC(l,J)/S.0D + 0,38.0D • Ot 
DATA TDT,BDT,TSBl'.BSBT:4'0.80D +0/ 
DATA TDBl',BDBEII .201)06, 1.201>06/ 
DAT,\ TSlll',BSBE;I.00l>06,0.?ID06i 
DATA TSIJW,BSBW •). I )61)00,3. 1491)00,3.1511)()11,] I smoo; 
DATA LTYPl'.XLOAD,CL,SL,XTD,XTSB/1 ,9.20J0D01,00.D + 0,000.0D + 0,0.0D + 0 

S ,00.0D + 0.' 
DATA (1 DLOC!.li,J • 1,7),0,0D + 0, J.0D00,2.0O0,21. ~6D00,2?.0J 3000, 

S 39.00l)IJ0,43,471)001 
C DATA (Bl>I.OC(J),J" J,3)10.0D0.21.500,43.0D0, 

DATA IS TYLE-2: 
DATA lqACK.U/ 
DATA (l DW(J),J I, 7) 4.S3?D00,4.529D00,4.533D00,4.522D00.4.506O00, 

S 4 5101)00,4.526, 
C DA TA (RDW(J),J ·' 1,3), 3' 5.0D • 0/ 

DATA UA\13.4~.0D •04/ 

C 
DATA GAM4,GAM5,GAM6, 10.000D + 06,10.0000 • 06,10.000D •06/ 

DATA JN 12, 7, 7, 13, I 3, l?,19,25.25,31,31,37,37/ 
DATA MS, I, 10, 10, 18, I S,:6,26,34,34,42,42,50,50/ 
IF (ISTA<:K.EQ.I) THEN 

SlJPLOC = BLKLOC(l,NBLKPS) · 0.S-(Xl'LENG) + 1.0DOO 
WRITE(6,') 'SLPLOC s',SUPLOC 

Fl.SE 
SUPLOC = RASPAN/2.0D0 
WRITE(6,') 'SLPLOC "',SUPLOC 

ENDIF 
IF (ISTYLE.EQ.2.OR.ISTYLE.EQ.3) THEN 

ICANT I 
CANTL = BLKLOC(l,I) 

ELSE 
ICAll:T = 0 
CA l'ffL = 0.0DOO 

ENO IF 
WRITE(6,') '!CANT = ',ICANT,' CA NTL s ',CA1'.'TL 

C 
C DETERMINING THE SUPPORT CONDITION: 
C 

C 

IF (RASPAN/2.LT.(llLKLOC(l,NBLKPS) · 0.5'(XPLF.NG))) THEN 
ISLPC = 4 

Fl.SE IF (RASPANi2.GT.(llLKLOC(l,NBLKl'S)-.5'XPLENG • .5'BLKL(l)))THDI 
ISLPC = 3 

ELSE IF (RASPAN12.EQ.(BLKLOC(l,1'BLKPS)-.5'XPLF.'IG + .5'BLKUI )))TIIEN 
ISLPC = 2 

ELSE 
ISUPC = I 

DID IF 
WRITE(6,') 'ISUPC = ',ISUPC 

C DETERMINING TIIE NO. OF ELEMENTS AND JOINiS: 
C 

IF (JN(NTD).EQ.2) THEN 
NJ = JN(NTD) + 29 + WICAN'l) 

ELSE 
NJ = JN(NTD) + 27 + WICAN'l) 

ENDIF 
IF (MN(NTD).EQ.I) THEN 
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C 

C 

NE = MN(NTD) + 7 + 36 + (6'1CANT) 
ELSE 

NE = MN(NTD) + 36 + (6'1CANn 
E!\D IF 
WRITE(6,') 'NE =',NE,' NJ =',NJ 

CA I .I. COORDS(NTD,TDI.OC,X PLENG,TDW,111.Kl.OC,BLKL.ICA NT.CA NTL,JN, 
S NBI.KPS,ISl:PC.NJ,SUPI.OC.Bl.KT,BLKW,XPWIDT,XLC,MTTD,JNTSUP,YLC,ZLC) 
WRITl:(6,') 'JNTSUP = ',JNTSUP 
WRITE(6,') 'MTTD=',MlTD 

C READ 1:--1 TIIE MEMBER INCIDENCES: 
C 
C TIIESF ARE 1 HE ME\.IBER INCIDE:-SCES OF ALL MEMBERS TO TIIE LEFT OF TIIE 
C OUTER TWO BLOCKS, INCLUDINli THE TOP D.B OVJ'R 1 IIE BLOCK ELEMENTS. 
C 

DA TA ~11NC/I ,2, 1,3,2,4,3,4, 1,6,2, ;,3.~.4. I 0,5,6,5, 7,8,9,9, 10, 
S 6, 12, 7, 13,8, 14, 10,16,11.12,11,13, 14, 15,15, 16, 12, I 8,13, 
S 19, 14.20. 16,22, 17, I 8.17, 19,20.21.21,22, 18,24, 19,25, 
S 20,26. 22,28,23,24,23.25,26,2 7,2 7, 28.24. 30. 25, 31,26,32, 
S 28, 34.29. 30,29, 31,32. 33, 33, 34, 30,49, 31,38. 32,61, 34,62, 
S 3 5, 36, 3 5,37, 37, 38, 36,49, 36, 5 3, 3 7 ,42,42,45, 5 ), 57 ,41l, 50, 
S 53,54,57,58,50,54,54,58,50,5I .58, 59,51, 59,51,52,52.63, 
S 63. 55, 55,60. 5?,60, ss. 56, 56,44, 38.3? ,42,4 3.45.46, 39,43, 
S 43,46,39,40,46,4 7,40,47,40,41,41,64,44,64,44,48,4 7,48, 
S 41,62,52,61,45,6 7,57,66,65,66,65,6 7,6 7,68,6",69/ 

C 
CALL MINCS(ICANT,J:-.;,MN,NJ,NE,MINC,NTD,ISUPC,XLC) 

C 
C INITIALISE JCODE: 
C 

C 

C 

DO 20 J = l,(JN(NTD) + 27) 
DO 10 I.~ 1.6 

JCODl:(l.,J) = 
10 CO!\TINUE 
20 CO'-iTl!I.UE 

JCODE(I.I) = 0 
JCODE(5,I) = 0 
JCODE(6,l) = 0 
JCODF(l,2) = 0 
JCODE(4,2) = 0 
JCODl'(5.2) = 0 
JCODE(6,2) = 0 
JCODE(l,3) = 0 
JCODE(5.3) = 0 
JCODE(6,3) = 0 
JCODE(l,4) = 0 
JCODE(4,4) • 0 
JCODE(5,4) = 0 
JCODE(6,4) = 0 
DO 30 J = 7,JN(NTD),3 

JCODE(3,J) • 0 
JCODE(4.J) = 0 
JCODE(5,J) • 0 

30 CO\: rt:-.UE 
JCODF.(3,(JN(NTD)•7)) = 0 
JCODE(4,(JN(NTD) t 7)) = 0 
JCODE( i,(JN(NTO) + 7)) = 0 
IF (ICA:-;T.EQ.I) TIIEN 

DO 50 J = NJ.NJ-4,-1 
DO 40 L 1,6 

JCOOE(L.J) • 
40 CO'-Tl~UE 
50 CO'-TINUE 

END IF 

IF (ICA:-.'T.EQ.I) TIIEN 
JCODF(3,NJ-2) • 0 
JCODE(4,NJ-2) = 0 
JCODE(5,NJ-2) = 0 

ESD IF 
C 

IF (!l.'TSB.EQ.2) THEN 
JCODE(l,J!l.'TSUP-1) = 0 
JCODE(2.JNTSUP-I) = 0 
JCODE(3.JNTSUP-I) • 0 
JCODE(4,JNTSUP-I) • 0 
JCODE(S.JJ\o'TSUP-1) = 0 

ELSE 
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JCODE(l,JNTSUP) 0 
JCODE(2,JNTSl!I') = 0 
JCODE(J,JNTSlJP) = 0 
JCODF(4,JNTSUP) = 0 
JCODE(S,JNTSlJP) = 0 
JCODE( i.JNTSlJP-1) = 0 
JCODE(2,JNTSUP-I) = 0 
J<:ODF(J,JSTSllP-1) = 0 
JCOIJE(4,JNTSUP-I) = 0 
JCODE(5,J1'TSUP-I) = 0 

END IF 
C 
C IF ISTACK IS ·1 • (I.E STACK SUPPORT MODE) TIIEN STACKJ IS CALLED 
C 

C 

C 

DO 55 I = l,NE 
ISW) = 0 

55 CO'\TINUE 
IF (ISTACK.EQ. I) TIIEN 

CAI.I. STACKJ(JN,NTD,JCODE,NDI.K,NDLKPS) 
ESD IF 

CA LI. CODf5(JCODE,MINC,NE,NJ,\ICODE,NEQ) 
MllD C Mll.\ND(MCODU,E) 
CA I .L Ll:1'(; IS(\1 INC,71.C,Y I.C.X 1.c.:,rrn.lCA NT.NE,IFLAG,El.,M :-) 
CA LL PROPS/ STD,TSUF,TS nw ,TS BT,BSIII'' llSIJW,IJSll l,TDlll:.TDW ,\1 N,TDT,DDDE, 
S DDW.llDT,IJ\IOl:,xw1r,W,l ,X).W,EI.S.A.XM I.I L.ICANT,\1 ITD,BAREA, 
S NE.lll.KT,ll'LAG.ULKL. IJLK \V ,BDI.OC.XI.C,M 1:-,;c, :s; Ill), NTSIJ,NBS ll,XPLENG,ISL) 
CALL DCM \IY(J\:BLK,N I Sll,NTD,ICANT,NE,XMOE,NHSIJ,\1 N,NBD,DDLOC,EL 
S .~11NC.XPLENG,XLC) 

C CALCULATION OF MODULUS OF RIGIDITY !'OR ALL REAL ELEME)s;TS: 
C 

D060l~ISE 
IF (11'1.AG(l).NE.5) TIIEN 

XWi(I) " XMOE(l)/16.01)0 
E'JD IF 

60 CONTl'-CE 
WRITF/6,600) MEM UER","LENGTI l","MOE" ,"AREA" 

600 FOR\1 AT(. ·2X,A6,3X,A6,6X,A3, I0X,A4:) 
DO 61 I = J,>.;E 

WRITl:(6,610) l,EL(l),XMOE(l),A(I) 
610 FORM A T(4X,l2,4X,F7.3,2X,FI 2.2,2X,F8.3) 
61 COSTINUE 

C 
C COMPUTE TIIE JOINT LOAD VECTOR: 
C 

C 

DO 70 K = 1,NEQ 
Q(K) = 0.0D 0 

70 CONTINLE 
DO 90 I = I.NE 

DO 80 L = 1,12 
HL.ll = o.oD~o 

80 CONTl!l:l'E 
90 CONTl:S:l.:F 

DO 100 I = !,NE 
II' (IFLAG(ll.l:Q.2) TIIEN 

WL(I) = 0.0DOO 
E:\D II' 

100 CONTINt:E 
IF (I.TYPE.E(J.I.OR.LTYPE.EQ.2) THEN 

CA LL RAS U DL(F.L. NJ,STD,XTSB.IC A NT ,CA NTL,XPLE 'JG,F ,Q, NE. NEQ, NTSB, 
s M'.'s,TDLOC,XLOAD,X m,XPWIDT,M ITD,W,TOW,BLK w,nLKLOC,BLKL,WL, 
S ISTACK,NULK,t,;BLKPS) 
ELSE 

C,\LL RALINF(LTYPE,CL,SL,XPLENG.X-lSB,NTD,MITD,TDLOC,TOW,EL,PI 
S ,P2,Q,F) 
END IF 

C FOR STACK SUPPORT CONDITION· CALL SUBROUTINE "STACKL" 
C 

C 

IF (ISTACK.EQ.I) TIIEN 
CALL STACKL(ISl.,W,EL,XLOAD,WL.~IN,F,Q,XTD,XPWIDT,DLKW,!'IE, 

S NDLK,NHLKPS,NTD) 
END IF 
WRITE(6.") "QHAT VECTOR .. .' 
DO 105 I = I.SEQ 

WRITE(6, ') l,Q(I) 
105 CONTINUE 
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C INITIALISE THE SYSTH-1 STIFFNESS MATRIX TO ZERO: 
C 

C 

DO 120 J = 1,:0,ffQ 
DO 110 I = l,\IBD+ I 

SS( l,J) = 0.0D + 0 
I JO co:-.;T(Nl.JE 
120 CONTINUE 

DO 130 N ~ I.NE 
CALL RAFLMS(N,NTD,GAM4,GA\16.G,IFLAG,1St.:PC.XMOE,EL, 

S A,XMG,X\1J,El,MN,XI.C.JN.GA'-.13,GAM5,ICANT,NE) 
CALL RAASSM(N,MDD,G,SS,\ICODE,MXNEQ) 

130 CONTINl:E 
CALL SOLVE(SS,Q,NEQ,MDD,MXNEQ) 

C INITIALISE THE MEMDER-END FORCE VECTOR TO ZERO: 
C 

C 

DO 150 I= I.NE 
DO 140 L 1,12 
!'JAL.I) = 0.00 t 00 

140 CONTINUE 
ISO CONTINUE 

YMAX 0.0D0 
SSMAX = 0.0D0 
DS\1AX = 0.0D0 
WRllT(6,250) STRESSES: 

250 FOR\-1/\T(:. JSX,A?,) 
WRIIT/6,260) 'ME\IUl'R tf,'STRESS /\-END",'STRESS B-END" 

260 FOR\1AT(, 9X,A6,5X,Al2,12X,A12,) 
DO 160 I = I.NE 

IF (El,(l).NE.0) TIIEN 
CALL RAEL\11'(MCODF,Q.IFLAG,1St:PC,XMOE.I.El.EL.A,XMG,XMJ,D,DL 

S ,FLO.F,FI..MN,N ID,YM:\X,\11:--IC.NE,DEFl.,DISPL,Jf) 
CALI. RAS\IST(IFI.AG,A,S,LTYPE.XPI.ENG,XTSB,\ll"IO,NTD,TDLOC,TDW, 

S \I N.Fl.,ST.ST /\,STl3,P2,EL,FLO,l,SSMAX,DS\IAX,NE,X-rD,WL, 
S DST,DSTA,DSTB) 

E>;D IF 
160 CONTINUE 

C 

C 

C 

C 

C 
C 
C 
C 

C 

WRITE(6,300) "JOINT DISPLACEMENTS:· 
300 FOR\1AT(:,J 5X,A21 I) 

WRITE(6,3l0) ·rr lf,'1-DIR",'2-DIR','3-DIR",'4-DIR','5-DIR', 
S '6-DIR' 

310 FORMAT(A4,4X,A5,5(7X,AS)/) 
DO:O0J I.NJ 

WRITE(6,320) J,D ISPL( J ,J),D IS PL(2,J),DISPL( J,J), DISPL( 4,J), 
S DISPL(S,J),DISPl,(6,J) 

320 FORMAT( IX,12,2X,FI0.8,5(2X,FI0.8)) 
200 COSTINUE 

WRITl:(6,•) 
WRITE(6,°) 'MAX.VERTICAL DEFL. • ',YMAX,' AT JT.#' .If 

IF (IST/\CK.EQ.I) TIIEN 
CALL STACKD(JN,NTD,XLC,DEFL,XMOE) 

E:"-<D IF 

STOP 
END 

COORDS 

Sl.JBROUTl:--E COORDS("s;TD.TDLO<:,xrLENG,TDW.Bl.KLOC,BLKI..ICA1'.'T,CANTL,JN, 
S NIILK PS. ISUPC,NJ,Sl.J l'LOC,llLKT.llLK W ,XPWI DT.XLC,MlTD.JNTSt.: P, YLC,ZLC) 
DOIJBLE PRECISION TDW(•),XLC(•), YLQ•).ZLC('),TDLOC(J 5),BLKL(2), 

S BLKLOC(2.3),BLKW(2),XPLE!>:G,CANTL,SIJPLOC,BLKT,XPWIDT 
111.'TEGER JN(l3) 

C X - COORDINATES OF ALL POINTS: 
C 

DO 10 I • 1,4 
XLC(I) 0.0D + 0 

10 CO!l.'TINUE 
IF (MOD(NTD,2).EQ.0) THEN 

MTTD NTD/2 + I 
ELSE 
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C 
C 
C 
C 
C 

C 

MTTD = 11'.T((NTD/2) + 1.5) 
E!'.D IF 
M 4 
DO ~OJ = (MTrD-1).NTD 

DO 20 I = 1,6 
IF ("1OD('-iTD.1).FQ.0) THEN 

IF (ICA:--.T.LQ. I) TIIEN 
K = J 2 

ELSE 
K = J + I 

FNDIF 
HSE 

IF (ICANT.EQ. I) TIIEN 
K J + 3 

ELSE 
K = J + 2 

F.:--.:D IF 
E'<D IF 
XLC(\t + I) = TDLOC(K) - (XPLENG/2) + (.S"TDW(K)) 
IF ((M l).GE.JN(!'.TDl) TIIEN 

GO TO 35 
E1'D IF 

20 CONTl!'.UE 
\,1 = \1•6 

30 CONTINCF. 
3S :\f = JN(NTD) 

DO 60 X = 1,2 
DO 50 J = 0,2 

DO 40 I = 1.4 
XI.C(M 'I) = BLKI.OC(l,1':BI.KPS) .. (J 0 .S"BLKL(I)) -(0.S"XPLE!'-iG) 
IF (J.EQ.I .AND.1.EQ.3.AND.X.EQ.I) TIIEN 

M M .. 3 
GO TO 50 

ESDIF 
40 CONTINUE 

\f = M • 4 
50 CO!'.TINUE 

M = JN(NTD) + II 
60 CO!'ITll'<UE 

NOTE:- 4 SIJPPORT CONDITIO!'-i~(ISIJPC): I -SUPPORT UNDER BLOCK TO LEFT OF 
D.8 SPRING. 2 - DIRECl'LY UNDl'R D.B SPRING. 3 -TO RIGHT OF 
D.B SPRING. 4 - INSIDE 1 IIE OUTER BLOCK(IE. U !'.DER ST.BOARD) 

IF (ICANT.EQ.I) THEN 
XLC(NJ) = BLKLOC(l,NBLKPS) + BLKL(I) + CANTL · (.5°XPLENG) 
XLC(NJ-1) = XLC(NJ) 
XLC(NJ-2) = TD LOO '-iTD + 2) - XPLE!'/G/2 + .S"TDW(NTD + 2) 
XLC(NJ-3) = XI.C(l',J-2) 
XI.C(NJ-4) = XLC(NJ-2) 
XLC(J1':(!',TD)+ 34) = 111.KI.OC(I.NBI.KPS) - 0.SD0"XPI.E!'IG • I.ODO 
XI.C(JN(NTD) + H) = fll.KLOC(l,NIILKPS) • 0.Sl)0"XPLENG · I.ODO 
IF (ISUPC.EQ.4) THEN 

XLC(!'IJ-7) = SUPI.OC 
XLq:-.;J-8) = SUPLOC 
J:--.TSUP = (1'J-7) 
XLC(NJ-5) = BLKLOC(l,!'-BI.KPS) + I.ODO· (.SD0"XPI.ENG) 
XI.C(NJ-6) = BLKLOC(l,NBLKPS) + I.ODO - (.SD0"XPLENG) 

ELSE 
XI.C(NJ-5) = SUPLOC 
XLC(NJ-6) - SlJPLOC 
JNTSUP = (1':J-S) 
XI.C(NJ-7) = BLKLOC(l,NIII.KPS)- I.ODO· (.Sl>0"XPI.F.NG) 
XI.C(!',J-8) = ULKU>C(J,NIILKl'S) · I.ODO· (.5D0"XPLE1'G) 

FND II' 
EL~E IF (ISUPC.EQ.4) THE:-; 

XI.C(NJ) = ULKLOC(l,)';BLKPS) + I.ODO· (.SD0"XPI.ENG) 
XLC(NJ-1) = BLKLOC(l,NBLKPS) +I.ODO· (.SD0°XPLENG) 
XI.C(:-;J.2) = SlJPLOC 
XLC(NJ-3) = SUPLOC 
JNTSUP = (NJ-2) 

ELSE 
XLC(NJ) = SUPLOC 
XLC(NJ-1) = SUPLOC 
JNTSUP = NJ 
XLC(NJ-2) D BLKLOC(l,NBLKPS) - I.ODO· (.SD0°XPLENG) 
XLC(NJ-3) • BLKLOC(l,NBLKPS) • I.ODO· (.500°XPLENG) 

END IF 
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C Y • COORDINATES OF ALL POl!',"TS: 
C 

DO 70 I = 1,4 
IF (l.<iT.2) THEN 

YI.C(l) = 0.0D + 0 
El.SF. 

YLC(I) = DLKT 
END IF 

70 CONTINUE 
M = 4 

7 5 DO 80 I = 1,6 
IF (I.LE.3) TIIEN 

YI.C(M + I) = DLKT 
IF UM+ IJ.GE.JN(NTD)) TIIEN 

GO TO 85 
ENDIF 

ELSE 
YLC(M + I) = 0.01) + 0 

E?liD IF 
80 CONTINUE 

M = M + 6 
GO TO 75 

85 CO',TINUF 
M = J:-..(NTD) 
DO I 10 N = 1,2 

DO 100 J = 1,3 
DO 90 I = 1,4 

IF 11.LE.2) TIIEN 
YLC(\1 • I) = Ill.KT 

ELSE IF (l.EQ.3.AND.J.EQ.2.AND.N.EQ.I) TIIEN 
YI.C(M •I)= 0.0D+0 
M = M + 3 
110 TO 100 

EL.SE 
YI.C(M+I) • 0.0D+0 

E1';D IF 
90 CONTINUE 

M "M + 4 
100 CONTINUE 

M = JN(NTD) + II 
110 CONTlNl'E 

IF (ICANT.EQ.I) TIIEN 
HC(NJ) = BLKT 
YLC('.'IIJ-1) = Bl KT 
YLC(NJ-2) = 81 KT 
YLC(NJ-3) = Bl.KT 
YLC(NJ-4) = DLKT 
YI.C('.'IIJ-SJ = 0.01> + 0 
YI.C(NJ-6) = 0.0D + 0 
YLC(NJ-7): 0.0D+0 
YLC(NJ-8) = 0.0D+0 

ELSE 
Y LC(NJ) = 0.0D + 0 
YI.C(NJ-1) = 0.0D • 0 
YLC(NJ-2) = 0.0D + 0 
YLC(NJ-J) = 0.0D +Q 

END IF 
C 
C Z · COORDINATES OF ALL POINTS: 
C 

ZLC(I) 0.0D+0 
ZLC(2) = .SD0'XPWIDT • .SD0'DLKW(I) 
ZI.C{3) = 0.01) + o 
ZI.C(4) = .5D0'XPWIDT · .SD0'BLKW(I) 
M = 4 
DO 130 I = l,2'(MTTD-I) 

DO IZ0J J,3 
IF (J.EQ.J) THEN 

ZLC(M t-J) = .5D0'XPWIDT · .5D0'BLKW(I) 
IF ((M + J).EQ.J1'(NTD)) THEN 

GO TO 135 
ENDIF 

ELSE 
ZLC(M + J) = 0.0D + 0 

END IF 
120 CONTINUE 

M = M + 3 
130 CONTINUE 
135 M = JN(NTD) 

DOISOJ=l,l 
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DO 140 I = 1,12 
IF (J.EQ.I) TIIEN 

ZLC(M + I) = .5D0*XPWIDT • .SD0'BLKW(I) 
IF (I.F.Q.11) TIIEN 

GO TO 145 
El',:D IF 

ELSE 
ZLC(M + I) = 0.0D + 0 

E)';D IF 
140 CONTINUE 
145 M = M + 11 
150 CONTINUE 

C IF TIIERE ARE ICANTILEVERED STRINGEROOARDS: 
IF (ICANT.EQ.I) TIIEN 

ZLC(NJ) = 0.0D + 0 
ZLC(NJ-1) = .5D0'XPWIIH · .5D0'BLKW(I) 
ZI.C(NJ-2) = .5D0'XPWIDT · .SD0'BLKW(I) 
ZLC(NJ-3) = 0.00 + 0 
ZLC(l',:J-4) = 0.0D + 0 
ZI.C(:-iJ-5) = .SD0'XPWIDT • .SD0'BLKW\I) 
ZI.C( NJ-6) = 0.00 + 0 
ZLC(NJ-7) = .SD0'XPWIDT • .SD0'BLKW(I) 
Zl.C(NJ-8) = 0.0D + 0 

[I.SE 
ZI.C(NJ) = .SD0'XPWIDT • .SD0'BI.KW(I) 
ZI.C(SJ-1) = 0.0D + 0 
ZLC(NJ-2) = .SD0'XPWIDT • .SD0*BLKW(I) 
ZLC(NJ-3) 0.0D • 0 

END IF 
RETURN 
END ••·········•··•······················•···················•·····•········ ........................................................................ 

C 

SUIJROUTINE MINCS(ICANT JN,MN,NJ,NE,MINC,NTD,ISUPC,XLC) 
ISTl:GER \11NC(2,'),JN(l3),\1N(13) 
DOUBLE PRECISION XLC(') 

C TIIIS SUBROUTINE ASSIGNS THE MEMBER INCIDF.NCF.S TO THE OUTER BLOCK 
C ELE~![:-iTS. TIIE OUTER BLOCK ELBIENTS ARE NUMllERED STARTING FROM TIIE 
C VALUE :\IS(NTD), WIIF.RE NTD = n OF TOI' D.B'S. THE JOINTS FOR THESE 
C ELE:I.IENTS ARE NUMBERED STARTING FROM TIIE VALUE JN(NTD). 
C 

C 
C 

M = MN(NTD) 
J m JN(NTD) 

MINC(2,M-2) = J + 25 
MINC(2,M-3) = J + 24 
MINC(2.M-4) = J + I 
MINC(2,M-5) = J + 12 
MINC(I.M + I) = J 
Mll'.C(2,M + I) = J + I 
MINC(I.M • l) = J · I 
MINC(2,M + 2) = J + 12 
MINC(l.,\1 + 3) = J · I 
MISC(2,M + 3) = J + 16 
~IINC(l,M + 4) = J 
MINC(2,\1 +4) = J • S 
MINC(l,M + 5) = J + 5 
MINQ2,M + S) • J + 8 
MINC(l,M+6) = J + 16 
Ml:--IC(2.M + 6) = J + 20 
MINC(l,M+7) = J • 12 
MINC(2.M + 7) = J + 13 
\11:SC(I.M + 8) = J + 16 
MISC(l.M + 8) = J + 17 
\IINC(l,M + 9) = J + 20 
MINC(2.M+9) = J + 21 
Mll'.C(I.M+I0) = J + 13 
MINC(2,M + 10) = J + 17 
MINC(l,M + II) = J + 17 
MINC(2,M + 11) = J + 21 
MINC(U,1 + 12) = J + 13 
Mll',;C(2.M + 12) = J + 14 
MINC(l,M + 13) = J + 21 
MINC(2,M + 13) = J + 22 
MINC(l,M + 14) = J + 14 
MINC(2,M + 14) = J + 22 
MINC(l,M + IS) = J + 14 
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C 

MINC(2,M • 15) = J + 15 
MINC(l,M + 16) = J + 15 
Ml1'C(2.M + 16) = J + 26 
Ml1'C(I.M + 17) = J + 18 
MINC(2,M + 17) = J + 26 
MINC(l,M+l8) = J + JR 
MINC(2.M + 18) = J + 23 
MINC(I.M + 19) = J + 22 
MINC(2,M + 19) = J + 23 
MISC(l,M + 20) = J + 18 
MINC(2.M + 20) = J + 19 
Mll\C(l,M+2I) = J + 7 
MINC(2.\1 + 21) = J + 19 
MINC(l,M + 22) = J + I 
Ml1'C(2,M + 22) = J + 2 
MIN('(l,M + 23) = J + 5 
~1l1'C(2,M + 23) = J + 6 

24) = J + 8 
MINC(2,M + 24) = J t 9 
!\1INC(l,M +25) = J + 2 
1'-IINC(2,M + 25) = J + 6 
MINC(l,M + 26) = J + 6 
MII\C(2,M • 26) = J + 9 
!\IINC( I.M • 27) = J + 2 
MINC(2,M + 27) J + 3 
MINC(l,!\1+28) = J + 9 
Ml:--.C(2,M + 2R) = J + 10 
MINC(J.M + 29) = J + J 
!\11:--q2,\1 •29) = J t 10 
\IINC(I.M + 30) = .I + 3 
MINC(2,M + 30) = J + 4 
\1INC(J,;\I + 31) = J + 4 
MINC(2.M + 31) = J + 27 
MI NC( 1.M + 32) = J + 7 
;\ll!'sC(2.M + 32) = J + 27 
Ml!'sC(l,M+JJ) = J + 7 
MINC(2,M + 33) = J + II 
!\11NC(J,M + 34) • J + 10 
MINC(2,M + 34) = J + I I 
MINC(l,\1 + 35) = J + 4 
!\IINC(2.M + 35) = J + 25 
MINC(l,M + 36) = J + 15 
MINC(2,M • 36) = J + 24 

C IF TIIE CENTERLINE OF TIIE TOP DECKnOARD OVER TIIE OUTER BLOCK IS TO 
C THE RIGHT OF TIIE CENTERLll'sE OF THE BLOCK: 
C 

IF (XLC(JN(NTD)).GT.XLC(JN(NTD) + 5)) TIIEN 
Ml'lC(I.M + I) = J + I 
MINC(2.M • I) = J + 5 
Mli':C( l,M • 2) a J + 12 
Ml1'C(2,!\1 • 2) = J + 16 
Ml?'-:C(I.M+J) = J-1 
Ml:S.C(2,M + 3) = J + 16 
MINC(!,M•4) = J 
MINC(2,!\I + 4) = J + 5 
MINC(l,M + 5) = J 
MINC(2,M + 5) = J + 8 
MINC(l,M + 6) = J - I 
MINC(2,M • 6) = J + 20 

END IF 
C 
C 
C IF TIIE SUPPORT CONDITION IS #3: 
C 

IF (ISUPC.EQ.3) THEN 
MINC{l,M + 16) = J + 15 
MINC(2,M + 16) = J + 18 
Ml!'sC(J,M + 18) = J + 23 
MINC(2,M • 18) = J + 26 
MINC(l,M + JI) = J + 4 
Ml:--C(2,M + 31) = J + 7 
MINC(l,M + 33) = J + II 
MINC(2,M + 33) m J + 27 

END IF 
C 
C FOR THE CASE OF CANTILEVERED TOP STRINGER BOARDS: 
C 
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C 

IF (ICANT.EQ.I) THEN 
N = l'<E 
J = NJ 
MINC(J.N) = J · 3 
l\11NC(2,N) = J 
:'-IINC(l,N-1) = J · 2 
MINC(2,N·I) = J · I 
:\11'-iC(l,N·2) = J · 4 
MINC(2,N•2) = J - 2 
l\11'-iC(l,N·3) = J - 4 
Ml:S:C(2,:-.l-3) = J - 3 
MINC(l,N-4) = J - 12 
MINC(2,'H) = J - 3 
MINC( l,N-5) = J - 24 
MllSC(2,:-.l-5) = J - 2 

END IF 

RETURN 
FND ........................................................................ 

STACKJ 

C TlllS SlJ!lROUTINE ~IOI>IHES TIIE JCODE FOR TIIE STRUCrtJRF TO ACCOUNT FOR 
C A STACKED COlSDITION 
C 

C 

SlJBROllTINE STACIU(JN,NTD.JCODE,NDLK,NDLKPS) 
11'TEGER JCODE(6,'),JN(") 

DO 20 J (JN(NTD)+ 13),(JN(NTD)+ 23) 
DO 10 L = 1,6 

JCODE(L,J) a 0 
10 CO'..:TINL'E 
20 CONTINUE 

DO JO L 1,6 
JCODE(l.,JN(NTD) + 26) = 0 

30 CO1'Tl"<UE 
IF (:S:Bl.K.EQ.8.OR.:-.IDLK.EQ.9) THEN 

DO 50 J = (JN(NTD).,. 2),(JN(NTD) •II) 
DO 40 L = 1,6 

JCODE(L,I) = 0 
JCODE(l.,3) = 0 
IF ('-<BLK.EQ.9) THEN 

JCODE(l.,2) = 0 
JCODE(L,4) = 0 

ENOIF 
JCODE(l.,JN(JliTD)+ 27) = 0 
JCODE(l.,J) • 0 

40 co-.;T(!'-liE 
SO CONTJ'-iUE 

ELSF. IF (l'sBLK.EQ.~) THEN 
IF ('-DLKPS.EQ.2) THEN 

DO ~OJ = (JN(NTD) + 2),(JN(NTD) + 11) 
DO 70 L z 1,6 

JCODE(l.,JN(NTD) + 27) = 0 
JCODE(L,J) = 0 

70 CONTl'-<UE 
80 CO'-<"flNlJE 

El'-D IF 
E-.;D IF 
RETUR!'I 
ESD ........................................................................ 

C 

CODES 

SUBROUTINE CODES(JCODE.~tlSC.NE,NJ,MCODE,NEQ) 
INTEGER JCODE(6,'), ~11NC(2,'), ~ICODE(l2,') 

NEQ = 0 
DO 20J = l,NJ 

DO 10 L = 1,6 
IF (JCODE(L,J).NE.0) THEN 

NEQ = NEQ + I 
JCODE(LJ) = NEQ 

END IF 
10 CONTINUE 
20CONTINUE 

DO 40 I 2 l,NE 
J = MINC(l,I) 
K = MINC(2,I) 
DO 30 L = 1,6 
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MCODF.(L.l) = JCODF.(l.,J) 
\fCODE(L + 6,1) = JCODE(L,K) 

30 co:--.TINlJE 
40 CONTINUE 

RETL:RN 
E:--.D ·······•·······•··•············•·••·····•··················•··•········· MUAND ........................................................................ 

C 

}'l;J',;CJ'ION MBAND(MCODE,NE) 
INTEGER MCODE( 12:) 

~IBA'.\D = 0 
DO 10 I = I.NE 

l. I 
IF (~ICODE(L,l).EQ.0.AJ',;D.L.LT.12) THEN 
L O L + I 
liO TO 5 

END IF 
IS = \fCODE(L,I) 
L = 12 
IF (~ICODF(L,l).FQ.0.A ND.L.GT. I) THEN 

(. C L. I 
GOTO 7 

ESDIF 
IL = \ICODE(L,I) 
IDIF = IL - IS 
IF (IJ)JF.GT.MBAND) TlfEN 

\111.·\:S:D = IDIF 
E"-D IF 

10 COSI INUE 
REl"CRN 
E:S:D ........................................................................ 

C 

LENGTS 

SU BROL:TI NE LENC.TS(\f INC,ZLC. YLC,X LC.NTD,ICANT,NE,IFLAG,EL.M N) 
DOl:BLE PRECISJOJ',; ZLq•),YLC( 0 ).XLC( 0 ),EL( 0 ) 

INTEGER MINC(2,°J,M!'.(I 3),IFLAG( 0 ) 

C MEMBER LE!'.GTHS: 
C 
C FIRSTLY, ALL \1EMBFRS UP TO TIIE EDGE OF OUTSIDE BLOCKS (11'.CLUDES TlfE 
C LAST TOP D.B AND SPRING. 
C 
C A FLAG IS ASSIGNED TO EAClf F.LF.'.1ENT IN THE MODF.L: I - ST.BOARD; 2 -
C DECKBOARD; 3 • VERTICAL BLOCK ELEMENT; 4 · HORIZ. BLOCK ELE\1E:S:T; 
C 5 - SPRING. 
C 

1'1.(1) , ZLC(MINC(2,I)) • ZLC(MINC(l,I)) 
IFLA<,(I) = 2 
l:IA4) = EL(I) 
IFLAC.( 4) = 2 
Fl.(2) " YL<:(MINC(2,2)) • YLC(MINC(l,2)) 
IFLAG(2) = 3 
FLO) = EL(2) 
IFLAG( 3) = 3 
DO l?O K = 5,(MN(NTD)-S),8 

DO 170 I = 0,3 
f.L(I • K) = XLC(MINC(2,(I + K))) · XLC(MINC(l.(I + K))) 
IFLAG(I + K) • I 

170 CO:S:TINUE 
M = K + 2 
DO 1~0 L = 2,4.2 

El~\I + L) = YLC(MINC(2,(M +I.)))· YLC(MINC(l.(M + L))) 
IFLAG(M + L) = 5 
EIA\1 • l. • I) = ZLC(MINC(2,(\1 + L +I)))· ZLC(MINC(l,(1\1 • L + I))) 
IFLAG('.\1 + L • I) = 2 
IF ((\1 + L + l).EQ.MN(NTD)) THEN 

GO TO 195 
E'-D IF 

180 COSTISUE 
190 co:,;n:-;vE 
195 K = \1N(NTD) 

DO 200 I = 1,6 
EL(K + I) = XLC(MINC(2,(K +I)))· XLC(MINC(l,(K + I))) 
IFLAG(K + I) • I 

200 CONTINUE 
K = M!'l(NTD) + 6 
DO220J=l,2 
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C 

DO 210 I = 1,13 
IF (I.EQ.4.OR.I.EQ.S.OR.1.EQ.8.OR.I.GT.9) TIIEN 

EUK • I) = XLC(MINC(2,(K +I)))· XLC(MINC(l,(K + I))) 
IFl.,\G(K • I) = 4 
IF/1.EQ. 10.OIU.EQ.I I .OR.I.EQ. I 2)TIIEN 

IFLMi(K • I) = I 
l:''>D IF 
IFLAG(K • 13) = S 
Fl.(K•IJ) = 0.0D+0 

El.SE 
El.(K + I) = YLC(MINC(2,(K + I))) - YLC(MINC(l,(K t I))) 
II LAG(K • I) = S 
IF( I .EQ.6.OR.I.EQ. 7JTIIEN 

ll'L.>\G(K + I) = 3 
E'-D IF 

l"I> IF 
210 co,11:s;uE 

IF (J.FQ. I) TIIEN 
M = K + 13 
Hf\l • I) = YLC(MINC(2,(M • I))). YLC(MINC(l,(M + I))) 
11'1.AG(\1; I) = 5 
Fl~\1 • 2) = ZLC(\11:--.C(2,(M + 2))) · ZLC(Ml1'C(l,(M + 2))) 
11·1.AG(\1•2) = 2 
K = M + 2 

ELSE 
K = K • 13 

E'- D II' 
210 CO'.'11:-,it..:E 

DO 130 I = 1,2 
El.(K • I) = XI.C(MINC(2,(K + I)}) - XLC(Ml1'C(l,(K • I))) 
IFI.A<;(K • I) = I 

230 COKI INt..: E 

IF (l<.:\'.'T.EQ.I) THEN 
DO 2J0 I·. :\E-5,NE 

IF (1.1:Q.:,a:-J.OR.I.EQ.NE•l) I IIEN 
rw,E-3) = 0.000 
IFI.AG(',f:. l) = S 
EL('-E-2) = ZI.C(MINC(2,NE-2)) · ZLC(Ml!'IC(I.NE-2)) 
IFl.!\G(:S.E-2) = 2 

ELSE 
EU!) = XLC(MINC(2,I)) · XLC(:\111'C(I.I)) 
11-1.:\G(I) = I 

E'-D IF 
240 CO1'TINUE 

ESO II' 
DO :so I = l,NE 

El.(ll = AUS(EUI)) 
Ir (IFI.AG(IJ.:S.E.S.AND.EL(IJ.LT.0. ID0) THEN 

Fl.(I) = 0.ID0 
E:--;D IF 

250 CO'- fl:S.UE 
Rl:ITRS 
F:--;D ........................................................................ 

PROPS 

SL'DROL'Tl'-E PROPS(NTD.TSBE.TSBW,TSBT.USOE,OSBW,BSBT.TI>BE,TDW.M'-. 
S rDT.DDllF.,BDW,UDT,UMOE,X\1OF.,W,T,X\1G,El,S,A,X:\1J,l'L.ICANT,MTTD, 
S DA RE!\,:--;E,llLK T ,IFLAG,BLKL.BLK W ,UDLOC,XLC.\1 INC,:-,JDD,NTSB, 
S !'.llSll,XPLENG.ISL) 
DOt.:BI.E PRECISION TSOE.TSOW(2).BSDE,BSBW(2),TDW(•),DDW(•J, 

S \V( •). T(•J.EI( 1, •J.S( 3, '),A('),EIJ'J,llLK U 2).DI.K W( 2), 
S l Dlll:.Bl)IJE.X \IOF('),X \1< i( '),X\IJ('J,TSD T.USllT,TDT,BDT, 
S ll\lOE.DAREA,01.KT,DOI.OC('\,XI.C('J,XPLENG 
INTEGlR M S(l 3),IFLAG( '),MINC(2.'),ISI,(•) 

C 
C XMOE, WIDTII, THICKNESS AND MO\IENT OF INl:RTIA FOR ALL ELEMENTS: 
C 
C FIRSTLY, ALL STRINGER BOARD ELEMENTS:. 
C 

IF ('-TSB.EQ.2) THEN 
TSllW(1) = I.ODO 

END IF 
II' (~BSB.EQ.2) THEN 

DSllW(2) = I.ODO 
E:-.D IF 
IF (NBSB.EQ.0) THEN 

BSDW(I) D I.ODO 
BSBW(2) = I.ODO 
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BSITT = 0.ID0 
ENI> IF 

DO 20 K = 5,(MN(NTD) - 5),8 
DO 10 I = 0,3 

IF (I.EQ.0) TIIEN 
X\10E(K + I) = TSBE 
W(K • I) = TSBW(I) 
T(K+I) = TSIIT 

ELSE IF (I.EQ.I) THEN 
X:l,IOF.(K + I) = TSBE 
W\K + I) = TSBW(2)/2.0DOO 
T(K +I)= TSBr 

ELSE IF (1.EQ.2) THEN 
X\!ClE(K + I) = IJSUE 
W(K + I) llSllW(l) 
T(K + I) = USUT 

El.SE 
X:1,1OE(K + I) = llSBE 
W(K + I) = l!SBW(2)/2.0I>OO 
T(K • I) = BSBT 

F.1\D IF 
10 COI\Tl!'-UE 
20 COKTINt;E 

K = M:-..(NTD) 
DO 30 I = 1,6 

IF (I.EQ.1.OR.I.EQ.4.OR.I.EQ.5) 1 IIEN 
X\1OF(K + I) = TSBE 
W(K • I) = TSBW(2)/2.0DOO 
T(K + I) = TSBT 

ELSE 
X\IOE(K + I) = TSBE 
W(K•I) = TSBW(I) 
l\K • I) = TSUT 

END IF 
30 COI\TINUE 

K = \IN(NTD) + 15 
DO 40 I = 1,3 

X\IOE(K•ll BSBE 
W(K • I) = BSBW(I) 
T(K + I) llSIIT 

40 CONTINUE 
K = MN(NTD) + 30 
l>O SO I = 1,6 

IF (I.EQ.4) THEN 
GO fO SO 

ELSE IF (I.FQ.6) TIIF.N 
X\IOE(K + I) = BSBE 
W(K • I) = BSBW(I) 
l'(K+I) • BSBT 

ELSE 
X\10E(K + I) = BSBE 
W\K • I) = BSBW(2)/2.0DOO 
T(K+I) = BSBT 

END IF 
SO CONTINUE 

IF (ICA"1'T.EQ.I) TIIEN 
DO 60 I = NE,NE-S,-1 

IF (I.EQ.(l'-E-3)) THEN 
GO TO 60 

ENDIF 
IF (I.EQ.NF..OR.1.EQ.(NE-4)) THEN 

XMOE(I) = TSBE 
W(I) = TSBW(I) 

F.1.SE 
X\10E(I) = TSBE 
W(I) = TSBW(2)/2.0DOO 

END IF 
T(I) = TSBT 

60 CONTINUE 
END IF 

C 
C ALL DECKBOARD ELEMENTS: 
C A FLAG IS ASSIGNED TO ALL REAL BOTTOM 
C DECKDOARDS SO AS TO IDENTIFY THEM LATER IN SUBROUTINE "STACKL" AND 
C APPLY MEMBER LOADS TO THESE DECK.BOARDS. 
C 

IF (NBD.EQ.0) THEN 
BDBE = I.ODO 
DDT= .IDO 
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C 

XMOE(4) = 1.0D00 
W(4) = 1.0D00 
T( 4) = O. IDOO 

ESD IF 
IF (\10D(NTD,2).EQ.0) THEN 

W(I) = I.0DOO 
X\IOF.(I) = 1.0D00 
T(I) = 0.1D00 
J = 0 

ELSE 
WCI) = TDW(MTTD)/2.0DOO 
X\IOE(l) = TOBE 
T(l) = TDT 
J = l 

F.'sD IF 
DO 100 I = 10.MN(NTDl,8 

IF (I.LT.MN(NTI>)) TIIEN 
XMOE(I) = TDIJE 
W(I) = TDW(MlTD + J) 
T(I) = TDf 
XMOE(I + 2) = RDBE 
IF (NBD.EQ.0) THEN 

W(I + 2) = I .ODO 
T(I +2) = 0.ID0 

ESDIF 
ELSE lF (I.EQ.M'i(NTD)J TIIEN 

X\IOE(I) = TDBE 
W(I) = TDW(:--;TD) 
T(I) TDT 

E:\D IF 
J = J + l 

100 COSTINUE 
IF (NIJD.NE.0) THEN 

K = M:--(STD) + 21 
ISi.CK) = I 
X\IOE(K) = ODIJE 
W(K) = llDW(:-10D) 
T(K) = BDT 

IF (MOD(NOD,2).EQ.0) THEN 
XMOE(4) = I.ODO 
\\'(4) = I.ODO 
T(4) • 0.JD0 
L = (NOD/2) + I 

ELSE 
L = INT((NDD/2) + 2.S) 
151~4) • I 
XMOE(4) = llDBE 
W(4) = BDW(L-1)/2.0D00 
T(4) = BOT 

F.>sD IF 
IF (1..EQ.NllD) THF.N 

DO 110 K 4,~1N(NTDJ-6,8 
IF (K.:--;E.4) TIIEN 

XMOE(K) = I.ODO 
W(K) = I.ODO 
T(K) = 0.1D0 

ESO IF 
110 CONTINUE 

ELSE 
N = 10 
DO 130 I = L,NBD-1 

X = (ODLOC(I) - 0.S-XPLENG) 
DO 120 J = N,MN(NTDl,8 

IF (X.GT.XLC(Ml!'o.C(l,J)) + o.s•ELo • 3)) THEN 
X\IOE(J • 2) = I.ODO 
W(J • 2) = I.ODO 
T(J + 2) = 0.IDO 

ELSE 
ISLO + 2) = I 
XMOE(J + 2) = BDOE 
W(J + 2) = ODW(I) 
T(J + 2) = DDT 
N = J + 8 
IF (I.EQ.NRD-1) THEN 

DO 115 M = N,MN(NTD)-8,8 
XMOE(M + 2) = 1.000 
W(M + 2) I.ODO 
T(M + 2) • 0.1D0 

115 CONTINUE 
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E1':D IF 
GO TO 130 

E:'l:D IF 
120 CO!'-TINUE 
130 CO'l;TINIJE 

C 

C 

END IF 
ELSE 

K " \IN(NTD) + 21 
XMOE(K) = I.ODO 
W(K) = I.ODO 
T(K) = 0.ID0 

ESD IF 

IF (ICA "ff.EQ. I) THEN 
I " :S:E-2 
X\IOE\I) = TDBE 
W(I) = TDW(NTD + I) 
T(l) = TDT 

END IF 

C ALL BLOCK ELEMENTS: 
C 

XMOE(2) = BMOF. 
W(2) = 111.KW(I) 
T(2) = IILKL(2) 
A(:?) = IIAREA 
X\IOE(3) = ll\10E 
W(3) " lll.KW(2) 
TU) = lll.KL(2) 
A(3) = IIAREA 
K = \1'..;(NTD) + IO 
I)() 250 J = 1.2 

DO 240 I = 0,4 
X\IOl'(K • I) = IIMOE 
IF(J.EQ.1) lllE\J 

W(K + I) = 111.KW(I) 
T(K•I) = BLKl.(I) 

ELSE 
W(K • I) = III.KW(2) 
T(K • I) = BLKL(I) 

END IF 
A(K • I) " DAREA 

240 <'O'1.TINIJE 
K = K + 15 

250 CONTINUE 
C 
C FOR AI.L REAL ELEMENTS, THE MOMENTS OF INERTIA ABOUT THE 3 AXES, AND 
C THE AREA FOR ALL STRINGER BOARDS AND DECKBOARDS: 
C 

DO 260 I= l,NE 
IF (IFLAG(l).EQ.3.OR.IFLAG(l).F.Q.4) TIIF", 

C El(I.I) = W(l)'T(l)"'3"(0.3J331)1J.0.20914"(T(l),W(I)) 
C S 'DTANll(1.S;omo•w,1i T(I))) 

El( I.I) = (22.36D0)'(2D6D0)" 3'(0.3333D0-0.20?l 4'( I.ODO) 
S 'DTANII( 1.570500' I.ODO)) 

C El(2,I) = DLKT'llLKIA2)"3;12.0l)0 
El( 2.1) = 22.361)0'( 22.1600)" J,12.0D0 

C FJO,I) = DLKW(l)'RLKT .. 3,12.11O0 
El(J.I) m 22.36D0'(22.36D0) .. 3/l 2.0D0 
S{l.l) = El(l,I) • 2.0O0,111.KT 
5(2,I) • E1(2,I) • 2.0D0. IILK L(2) 
S(3,1> = EJ(3,I) • 2.0D0•Rl.K'f 
XMJ(I) = (IILKW(l)'lll.KT'l2.0D0)'(DLKW(IJ .. 2 + DLKT .. 2) 

ELSE IF (IFLAG( ll.EQ. I .OR.JFLAG(l).EQ.2) ·1 HEN 
A(ll = W(I) ' T(I) 
El( I ,I) = W( l)'T(I)"' 3'(0.333300-0.20914°(T(l),'W(I)) 

S 'DTANll(l.5705D0"W(l)T(I))) 
El(2,I) = T(l)'W(1)"3il2.0D0 
El(),I) = \V(l)'T(l)"3/12.0D0 
S(2.I) = El(2,1)'2.0D0,W(I) 
S(3.1) = El(3,1)'2.0D0/f(I) 
S( I ,I) • El( l,J)• 2.UD0/T(I) 

ENDJF 
260 CONTJ!'<UE 

RETURN 
END ........................................................................ 

DUMMY ........................................................................ 
SUBROUTINE OUMMY(NBLK,NTSB,NTD,ICANT,NE,XMOE,NBSB,MN,NBD,BDLOC,EL 
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S ,MINC,XPLENG,XLC) 
INTEGER 
DOCDLE PRECISION XMOE(°),DDLOC("),XPLENG,XLC("),EL(°) 

C 
C THIS St:RROUTINE ASSIGNS ZERO MATERIAi. PROPERTIES TO ALL ELEMENTS 
C IN TIIE \IODEL l'iOT IN TIIE REAL PALI.ET, (I.E ALL nonoM DECKDOARDS, 
C DO'JTOM SRINGERHOARDS, A!',,D DLOCKS NOT REQUIRED: 
C 

IF (1'RLK.F.Q.4.OR.NDLK.EQ.6) TIIEN 
IF (NBLK.EQ.4) TIIEN 

XMOE(2) 2 I.ODO 
F.ND IF 
IF (NTSR.F.Q.2) THEN 

XMOE(3) = I.ODO 
K \IN(NTD) + 25 
DO 10 I = 0,4 

X\IOF.(K + I) = I.ODO 
10 CONTINUE 

DO :0 I = 6,MN(NTD)-2 
X\1O1:(1) = I.ODO 
X\101:(h 2) c I.ODO 

20 COS.:Tl'JUE 
K \IN(NTD) 
X\10E(K .. I) = I.ODO 
XMOHK + 4) = I.ODO 
XMOF1K + 5) I.ODO 
K = \1N(NlD) + 31 
X\1O1'(K) = I.ODO 
X\10E(K • I) = I.ODO 
X\1O1:(K • 2) = I.ODO 
X\10E(K • 4) = I.ODO 
IF (IC:A:-.:T.EQ.I) TIIEN 

X\101:(NE•l) = I.ODO 
X\l!lf(NE-5) = I.ODO 

l'!'<D IF 
ELSE 

X\10E(2) = I.ODO 
XMOl:(3) = 1.01>0 

END IF 
END IF 
Ir /NBSR.EQ.2) TIIE;\/ 

DO 25 L " &,MNNTD)-2,8 
X\10E(L) = I.ODO 

25 COl'iTl1'UE 
K = MN(NTD) + 35 
XMOE(K) C I.ODO 

END IF 
IF (NDI.K.EQ.8) TIIEN 

XMOE(3) = I.ODO 
END IF 
IF (MOD(NTD,2).EQ.0) THEN 

XW>E(I) = I.ODO 
ENDIF 
II' (NRD.EQ.O) TIIF.N 

DO 30 L = 4,MN(NTD)-6,8 
X\10F(I.) = I.ODO 

30 CO1'TINL!E 
El.SE 

IF (MOD(:--.:BD.2).EQ.O) THEN 
XMOl:(4) = I.ODO 
L = (NBD/2) + I 

El.SE 
I. = INT((NBD/2) + 1.5) 

END IF 
N = 10 
DO 35 I = L,1'BD-I 

X = (DDI.OC(I) - 0.5°XPLENG) 
DO 33 J = N,\1N(NTD),8 

IF (X.GT.XI.C(MINC(l,J)) + 0.5'EL(J + 3)) TIIEN 
X\101:(J + 2) = I.ODO 

El.SE 
N = J + 8 
GO TO 35 

E:--.:D IF 
33 CONTINUE 
35 CONTllsUE 

END IF 
IF {NBSB.EQ.0) THEN 

DO 40 L = 7,MN{NTD)-3,S 
XMOE(L) = I.ODO 
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XMOE(L + I) = I.ODO 
40 CONTISlJE 

L = M"("TD) + 35 
XMOE(L) I.ODO 
XMOE(L + I) = I.ODO 

E!'-.D II' 
REI URN 
END ........................................................................ 

C 

RASUDL 

SU URO CTI NE RJ\SU DI.( EL, NJ, NT D ,XTS II, l<:A :'liT ,CA :,JTL,X Pl. EN<,, F .Q, :,JE, :'Ii EQ, 
S NTSJl.\1 N,TDLOC.X I.OJ\ D,XTD,XPWIDT,M'ITD,W,TDW ,BLK W,ULKLOC,BLKL, WL, 
S ISTJ\CK,'Hll.K,Nlll.KPS) 
DOUBLE PRECISION F( 12,"),Q(•),EL(•),TDLOC(•).TDW(l 5),W('),lll.KW(2), 

S CJ\NTL,XPLENG,XPWIDT,XTSB,XLOAD,XTD,XUDL,BLKL(2),BLKLOC(2,3),WL(•) 
S ,TOTAi.A 
INTEGER \1:--1(13) 

C nus Sl;flROUTINE CAI.Cl.ii.ATES Tiff EQUIVALENT JOINT LOAD VECTOR FOR THE 
C CASE OF UNIFORMLY DISTRIBU'I ED LOADl1'G AND PARTIAL UNIFORM LOADS 
C (I.TYPE = I. 2): 
C NOTE ALL LOADS OF TIIIS TYPE ARE CONSIDERED TO OE APPLIED DIRECTLY TO 
C TIIE DECKBOARDS. 
C 

XI.DAD = XI.OAD/4.0DOO 
XL!JDL = XPI.E:-SG • (2.0D0•XTSO) 
WRI IE(6,") 'XI.CDI. = ',XLl!DL 
IF (\10D(NTD,2).EQ.O) TIIEN 

L = \flTI> 
TOTA LA = O.OD + 0 

ELSE 
L = \fffD + I 
'IOTAI.A = W(l)"EL(I) 

E!'sD IF 
DO SI = 10.MN(NTD),R 

IF ((XLl'DL/2.0D0).GT.(TDLO<:(L\-.SDO•xpLENG)) THEN 
TOTALA = TOTALA + (W(l)'El~I)) 
L = L + I 

END IF 
5 CO!',;TINUE 

IF ((XLUDL;2.0DO).GT.(!XPLENG:2.0D0)·CANTL)) TIIEN 
TOTALA g TOfALA + (W(NE-2)'EL(NE,2)) 

E!I.D IF 
DA= XTO 
DB = (0.SDO'XPWID"D ·DA· (0.5ou·eLKW(I)) 
WRITE(6,") DA=',DA: D0=',DB 
\\'RlrE(6,") 'TOTAL AREA =',TOTALA 
Yl = Dll - DA 
Y2 c 00·•2 - DA .. 2 
YJ = 00••3. DA'•J 
Y4 = 011••4. DA••4 
IF (MOD(NTD,2).NE.0) TIIEN 

WL(I) = (Xl.OAD'W(l)),lOTALA 
WRllE(6,') 'LOAD ,WL( I) 
F(2,I) = (•WI.( 1)/(2.0D0'EL( 1)"•3))'(2.0D0'EL( 1)'•3'Y1-2.0DO'EL( I) 

S •y3 + Y4) 
F(6,I) = ( + WL(l),(12.0DO•EL(W•2))"(6.0DO"EL(l)"'2'Y2 

S -8.0DO·EL(l)'Y3 • 3.0D0·Y4) 
1'(8,1) =( • WL(l)/(2.0D0'EL( 1i••3n•12.ooo·EL( l)'Y) · Y4) 
F(l2.I) = (-Wl.(1);(12.0DO•EL(l)"2))'(4.0D0'EL(l)"Y3 • 3.0D0"Y4) 
IF (ISTACK.EO.ll HIEN 

IF (NBLK.EQ.i.OR.!\DLK.EO.9) 1 IIEN 
IF (!\BLK.EQ.8) TIIEN 

Q(I) = -F(8,I) 
E:--JD IF 

ELSE IF (NBLK.EO.6.AND.NOLKPS.EQ.3) THEN 
0(1) = -F(8,I) 

ELSE 
0(1) = -F(2,I) 
0(3) = -F\6,1) 
0(4) = -F(B,I) 

END IF 
ELSE 

Q(I) = -F(2,I) 
0(3) = -F(6, I) 
0(4) • -F(B,1) 

END IF 
ENDIF 
XLUDL = XPLENG • (2.0D0'XTSB) 
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IF (ISTACK.EQ.I) THEN 
IF (NULK.EQ.&.OR.NBLK.EQ.9) THEN 

IF {NBI.K.EQ.9) THEN 
K 0 

ELSE 
K = 4 

ENDIF 
ELSE IF (NBLK.EQ.6.AND.NULKPS.EQ.3) THEN 

K = 4 
F.LSE 

K = 10 
END IF 

F.LSE 
K = 10 

END IF 
IF (MOl>{NTD,2).EQ.0) TIIEN 

I.= M'ITD 
ELSE 

L :'-.1TTD + I 
END IF 
DO JO I = 10,MN(NTD),8 

IF {(XLUDL/2.0D0J.<;T.{TDLOC/l.)-.5D0'XPLENG)) TIIEN 
WL(I) (XLO/\D'W(l))!l'OlALA 
WRITE(6,') 'l.O/\D = ',WL(I\ 
F(2.I) = ( • WL(l) (2.0D0'EL(l)"'3))'(2.0D0'EL(l)"3'Yl-2.0DO 

S 'EUl)'Y3 + Y4) 
F(6,I) = ( + Wl.(I) (12.0D0'Fl.(l)"-'))'(6.0D0'EL(l)'"2'Y2 

S -8.0D0'El..(l)"Y3 + 3,0D0'Y4) 
F(8,I) = ( • Wl./1)(2.0D0'EL(IJ"m'(2.0l>0'El.(l)'Y3-Y4) 
I'( 12.1) = (-WL(l),(12.0D0'EL(l)" -'lJ'(4.0D0'EL(l)'Y3-3.uD0'Y4) 
Q(K • 2) = -F(2.l) 
Q(K • 4) = -l·(n,I) 
Q(K • 14) = -F(&,IJ 
K~K+30 

ELSE 
GO TO 20 

END IF 
L = L + I 

10 CONTINUE 
20 IF (lCA!'iT.EQ.I) THEN 

IF ((XUJDL/2.0D0).GT.({XPLENG:2.0D0)-CANTL)) THEN 
WL(:--E-2) = (XLOAl>'W(:--;E-2))'fOTALA 
WRITE(6,') 'CANTILEVER WL =',WL(NE-2) 
IF ((XLU DL,2.0D0).GT.((XPI.EN<j/2.0D0)-C/\ NTL)) TIIEN 

F(2,NE-2) =( + WL(NE-2):(2.0D0'Fl~NE-2)"3))'(2.0D0'EL(NF.-2) 
S "3"YI · 2.0D0'EL(NE-2l'Y3 • Y4) 

F(6,NE-2) = ( + WL(NF.-2) ( 12.0D0'FL(NE-2)"2))'(6.0D0'EL(NF.-2) 
S "2'Y2 • &.0D0'EL(NE-2)'Y3 • 3.0D0'Y4) 

F(&,NE-2) ( + Wl,(NE-2);(2.0D0'EL(:-;E-2)"3))'(2.0D0'EL(NE-2) 
S 'Y3-Y4) 

F(l2,NE-2) c (-WL(NE-2),(12.0D0'FL(NE-2)''2))'(4.0D0 
'EL(NF.-2)'Y3 · 3.0D0'Y4) 

Q(NEQ-25) = -F(2,NE-2) 
Q(NEQ-:3) = -F(6,NE-2) 
Q(NEQ-13) -F(&,NE-2) 

F.'.',;D IF 
ENDIF 

E'.',;D IF 
RETURN 
END ············•·••····························•················•·•········ RALINE 

SUBROUTl1'E RALINE(LTYPE,CL,SL,XPLENG,XTSB,:-.TD,MTl'D,TDLOC,TDW,EL, 
S Pl,P2,Q,F) 
DOUBLE PRECISION TDLOql 5),TDW( I S),EL('),Q('),F(l 2, '),CL,SL,XPLENG 

• ,Pl,P2,XTSB 
C 
C TIIIS SUBROUTINE CALCULATES HIE EQUIVALENT JOINTFORCE VECTOR FOR 
C I. 2, AND 3 Lll\E LOADS (I.E LTYPE = 3, 4, 5). LOADS ARE CONSIDERED 
C TO BE APPLIED OIRECTL Y TO Tiff STRINGERBOARDS AS POINT LOADS: 
C FOR TIIE CASE OF 2, AND 3 LINE I.OAOS (LE LTYPE = 4, AND 5) THE SPAN 
C LOAD MAY 1'OT BE APPLIED TO THE RIGHT OF THE TOP DECKBOARD OVER THE 
C OUTER BLOCK. 
C 

IF (LTYPE.EQ.3) THEN 
Pl = 0 
P2 = CL/2.0D0 

ELSE IF (LTYPE.EQ.4) THEN 
Pl = SL/3 
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C 

P2 = 0 
ELSE IF (LTYPE.EQ.5) THEN 

Pt = SL/3 
P2 = CL/2.0D0 

END IF 

IF (LTYPE.EQ.4.OR.LTYPE.EQ.S) THEN 
X = (0.mo•xrLENG). XTSB 
K = 13 
L = 12 
IF (MOD(NTD,2).EQ.0) THEN 

J = MlTD 
ELSE 

J = MrrD + I 
E'sD IF 
DO 20 I = J,NTD-1 

Y = (TDLOC(I) + (0.SD0·TDW(I))) - (0.mo·xPLENG) 
Z " (TDLOC(I • I) • (0.S[)0•TD\V(I +I)))· (0.SDo•xrLENG) 
IF(X.GE.Y.AND.X.LE.Z) THEN 

A = X -Y 
B = EL(KJ • A 
DOI0M=0,I 

IF (M.FQ.I) TIIEN 
Pl = Pl/2 

E'-D IF 
F(2.K • :'vi) = (Pl•ll .. 2.EL(K-+ M)°3)'(3.0D0•A + B) 
1'{6.K+M) = r1•A·n .. 2 EL(K • M1··2 
1·(8.K • ~1) = (Pt•A .. 2:El.(K • \-1) .. 3).(A + 3.ooo•n) 
F(l2,K+~t) = -r1•A .. 2•D,f:l..(K+:'vf) .. 2 
IF(M.EQ.0) TIIEN 

Q(L) = -1'(2,K) 
Q(I. + 4) = -F(6,K) 
Q(L • 30) = -F(8,K) 
Q(L • 34) = -1'(12,K) 

El.SE 
Q(L + 12) = -F(2.K + I) 
Q(L + 13) c -F(6.K • I) 
Q(L + 42) = -F(R,K-+ I) 
Q(L +43) = -F(l2,K + I) 

E:-.D IF 
10 CO:-.ITINUE 

GO TO 30 
END IF 
K • K + 8 
L=L+30 

20 CONTINUE 
END IF 

30 IF (LTYPF.EQ.3.OR.LTYPE.EQ.S) THEN 
Q(l) = .p2:3 
0(4) = -P2,'6 

E:S:D IF 
RETlJRN 
E:--;D .,. ..................................................................... . 

STACKL 

C 
C THIS SUBROUINE CALCULATES THE FIXED END FORCES FOR THE BOTTOM 
C DECKDOARDS (WHERE PRESENT) IN THE STACK CONDITION. THESE DECKBOARDS 
C ARE IDENTIFIED BY THE FLAG· 'ISL". 
C 

C 

C 

SUBROUTINE STACKL(ISL.W,EL,XLOAD,WL,MN,F,Q,XTD,XPWIDT,BLKW,NE, 
S NBLK,:,a11,KPS,NrD) 
DOUBLE PRECISION EL(•J,XLOAD,WL(•),F(l2,•J,Q(•),XTD,XPWIDT,DA,DB 

S ,OLK 'w'(2), W(•) 
INTEGER ISL(•),MN(•) 

DA= XTD 
DB = (0.soo·XPWIDT). DA. (0.SD0·DLKW(I)) 
YI= DB-DA 
Y2 = DD .. 2-DA••2 
Y3 = 00••3 · DA .. 3 
Y4 = DB .. 4-DA••4 
AREAB = 0.0DOO 

DO 10 I = l,NE 
IF (ISL(l).EQ.I) THEN 

AREAB = AREAB + (W(WEL(I)) 
ENDIF 

I0CONTINUE 
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IF (ISL(4).EQ.I) THEN 
WL(4) = (Xl.OAD•W(4)) 1AREAD 
WRITE(6:) LOAD = ',WL(4) 
F(2,4) = ( + Wl,(4)•(2.0DU'EL(4)"•J))'(2.0D0•EL(4)"•J•y 1-2.0D0'EL.(4) 

S 'Y3 • Y4) 
F(6,4) = ( • WL(4)i(12.0D0'EL(4)•'2))'(6.0D0'EL(4)"2•Y2 

S -8.0D0'EL(4)'Y3 + 3.0D0'Y4) 
F(S,4) =( + WL(4):(2.0D0'EL(4)"l))'(2.0D0•EL(4)"Y3 - Y4) 
F( 12,4) = (-\Vl,(4)'( I 2.0D0'EL(4)"•2))"(4.0D0•EL(4)"Y3 - 3.0D0'Y4) 
IF (SllLK.l'Q.8.OR.1'111.K.EQ.9) TIIEN 

IF (1'llLK.EQ.8) TIIEN 
Q(l) = -F(S,4) 

END IF 
ELSE IF (1'1ll.K.EQ.6.AND.NDLKPS.EQ.3) TIIEN 

Q(3) = -F(S,4) 
ELSE 

()(6) = -F(2,4) 
Q(8) = -F(6,4) 
Q(9) = -F(8,4) 

END IF 
F.!',;D IF 
II' (:s;Bl,K.EQ.8,OR.NllLK.EQ.9) TIIEN 

II' (NDLK.EQ.9) THEN 
K = 15 

l'LSE 
K 19 

Fis() IF 
fl.SE IF (1',;DLK.EQ,6.AND.1'BLKPS.EQ.3) THEN 

K = 19 
ELSE 

K = 25 
END IF 
DO 20 I = 4,\1N(NTD)-6,8 

IF (ISf.4) Tlll:N 
IF (ISL(l).E<).I) THEN 

WL(I) (XLOAl>'W(l)).ARl'All 
WRIIE(6:) 'LOAD = ,\H(I) 
F(2,I) = ( • WL()).'(2.0))0•EJ,())°•J))'(2.0D0'EL(l)"'3'YJ-2.0D0 

S 'EL(l)"Y 3 • Y 4) 
F(6,)) ( • WL(I)/( 12.0D0•Et(t)•· m·c6.0D0· EL(I)" 2'Y2 

S -8.0Do·EL(l)'Yl • 3.0D0'Y4) 
F(8,I) = ( + WL()) (2.0D0' EL())" 3))'0.0D0·r:L( l)'YJ-Y 4) 
F(l2,I) = (-WL(l)i(l2.0D0'El,(l)°':))°(4.0D0•EL(I) s •v1. 1.ooo·Y4) 
Q(K + i) = -1'(2,I) 
Q(K + 10) -F(6,J) 
Q(K • 14) -f(8,I) 

END IF 
K~K+30 

E',/D IF 
20 CONTINUE 

I = \11'(NTD) + 21 
IF (ISL(l).EQ.1) THEN 

WU)) = (XLOAD'W(l})!ARF.AB 
WRIIE(6:) 'LOAD = ',WL(I) 
F(2,I) = ( • Wl.(l},(2,0DU'F.L(l)"3))°(2.0D0·EL(l)••3•y1.2.0D0 

S •EL(l)'Y3 • Y4) 
F(6,I) : ( • WL(lli(l2.0D0'EL(l)"'2))'(6.0D0'EL(l)"2'Y2 

S -8.0D0•EL(l)'Y3 + J.0D0'Y4) 
F(8,I) ( + WL(l),'(2.0D0'H,(l)'•J))"(2.0D0'F.L(l)'Y3-Y4) 
F( 12,1) • (-WL(I),( I 2,llD0'EL(I)"• 2))'(4.0D0' EL(J) 

S 'Y3 - 3.0J>o•Y4) 
IF (\iBLK.EQ.4) THEN 

Q(21 ~) = -I (8,1) 
END IF 
IF ('-llLK.EQ.6.AND.NBLKPS.EQ.3) THEN 

Q(21 l) = -F(8,I) 
E:-.:D IF 

E:--.D IF 
RETURN 
END ........................................................................ 

RAELMS ........................................................................ 

C 

SUBROUTII\E RAEL:',1S(N,STD,GAM4,GAM6,G,IFLAG,JSUPC.X\10E, 
S EL,A,XMG,XMJ,EI.M~.XLC.JN,GAM3,GAM5,ICANT,NE) 
DOUBLE PRECISION G(27),El(3:),EL(•J,A{'),XLC{'),XMOE ('),XMG(') 

S ,XMJ{'),GAM3,GAM4,GAM5,GAM6,XL(3,3) 
INTEGER IFLAG('),MN(l3),JN(l3) 
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C THIS Sl!llROUTISE CALClJLATES TIIF. ELEMENT STIFFNESS COEFFICIENTS FOR 
C ALL ELP.1El'.TS, A!',;D TIJE!', THE DIRECflON COSINES FOR THE REAL ELEMENTS: 
C 

DO 20 I = 1,3 
DO 10 J 1.3 
Xl.(l,J) " 0.0D0 

10 co:-.:TINCE 
20 CONTINLE 

IF (EL(N).EQ.0) THEN 
DO 30 J = 1.27 

G(J) = 0.00 + 00 
30 CONTINl!E 

IF (KLT.'-1 N(1';7D).OR.N.EQ.MN(NTD) + 19.OR.N.EQ.MN(NTD) + 20.OR.N. 
S F<).MN(NTD) + 34) TIIFN 

IF (:-.l.EQ.MN('.'ITD) + 34.OR.N.EQ.MN(NTD) + 19) TIIEN 
(,(1) = 10.01) • 06 
G(4) = I0.0D+06 
C,(6) '" IO.OD• 06 
G(7) = IO.OD • 06 
<,(10) = IO.OD·+ 06 
<ii 12) = GA \13 
(i(22) = -IO.OD• 06 
(,(25) = -IO.Of)+ 06 
(;( 27) -GA \13 

FISE IF(N.L1".~1N(STD)) IIIE!'J 
<i( I) 10.01) • 06 
fi/4) = 10.01) + 06 
(i(6) = 10.01) • 06 
(i( ;) = 90.01) + 03 
(i(I0) = 10.fJI) • 06 
G(22) = .Q0.0D • 03 
(i(25) = -10.01) + 06 

EL~E 
<i(A) = IO.OD• 06 
G( 10) = IO.OD• 06 
(i(2\) = -10.01) • 06 

E1';D IF 
ELSE IF (N.EQ.(M:",l(NTO) + 7).OR.!'J.EQ.(MN(NTD) + 22)) TIIEN 

li(I) = 10.01)+06 
G(4) = IO.OD• 06 
G(6) = IO.OD• 06 
G(I0) = IO.OD• 06 
G(l2) z <iAl\13 
G(25) = . 10.0D • 06 
G(2') = -GA',13 

ELSE IF (N.EQ.l'-1N(NTD) + 8).OR.N.EQ.(M)l;(NTD) + 23)) TIIE?-1 
G(4) = GAM4 
G(6) = IO.OD• 06 
G(IO) = I0.00•06 
(i(25) = -10.00•06 

ELSE IF (N.E().(Mt,;(NTD) + 9).OR.N.EQ.(MN(NTD) + 24)) TIIE:-,.J 
G(4) = GAM6 

ELSE IF (N.E().(MN(l'-<7'D) + 15).OR.N.EQ.(MN(NTD) • 30)) THEN 
G(4l = GAMS 

END IF 
IF (ICANT.EQ. I) Tlll:N 

IF ('.'1.EQ.\:-.lE-3)) TIIEN 
G( I) IO.OD+ 06 
G(4) z 10.01) • 06 
G\6) = IO.OD• 06 
<i\ 7) 90.0D • 03 
C,(10) = IO.OD• 06 
G(22) = -90.00 + 03 
C.(2,) = -IQ.OD+ 06 

E:--D IF 
END IF 

ELSE 
IF /IFLAG(N).EQ.1.OR.ll'LAG(N).EQ.4) TIIEN 

Xl,(1,1) = I 
XL,(2,2) = I 
Xl~3.3) = I 

ELSE IF (IFLAG(N).EQ.2) TIIEN 
XL(l.3) = -1 
XL(2,2) = I 
Xl.(3,1) = I 

ELSE IF (IFLAG(N).EQ.3) THEN 
XL(l,2) = -1 
XL.(2.1) I 
XL.(3.3) m I 

ENDIF 
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C 

IF (N.EQ.(MN(NTD)+ 35).OR.N.EQ.(MN(NTD) + 36)) THEN 
Xl.(1,1) = -I 
Xl.(2,2) = -I 
XL(3,3) = I 

END IF 
IF(N.EQ.(M"-(NTD) • 17).OR.N.EQ.(\1 N(NTD) + 32)) THEN 

IF (IS\JPC.EQ.1.OR.ISt:PC.EQ.2) TIIEN 
Xl.(1,1) " -1 
Xl.(2,2) = -1 
XL(3,3) = I 

ENDIF 
F.ND IF 
IF (!'<.F.Q.(MN(!'-ITD) + 18).OR.N.EQ.(MN(NTD)+ 33)) THEN 

IF (ISt:PC.EQ.3) TIIEN 
Xl.(1,1) = -1 
Xl.(2,2) = -1 
Xl.(3,3) = I 

F.ND IF 
END IF 

C FOR THE CASE WIIERE THF. TOP D.D OVER 111.OCK IS TO TIIE RIGIIT OF TOP 
C D.D SPRING · TIIE DIRECTION COSINES CHANGE FOR TIIE FOLLOWING ELEMENTS. 
C 

C 

C 

IF (!'-1.EQ.(MN(NTD) • l).OR.N.EQ.(MN(NTD) • 2).OR.!'-1.EQ.(MN(NTD) + 3). 
S ORS.EQ.(M:S.(NTD) • 4)) Tl ll'N 

IF (XLC(JN(!'-ITl))).GT.XLCfJN(STD) • S)) TIIEN 
IF (N.E().(M:si(NTD) • 3).OR.N.EQ.(MN(NTD) • 4)) TIIEN 

Xl.(1,1) = -1 
Xl.(2.2) = -I 
Xl.(3,3) = I 

F.ND IF 
El.SE 

IF I N.EQ.(M N(NTD) + I ).OR. N.EQ.(M N(NTD) + 2)) Tl IEN 
XL(l,I) = -I 
XL(l.2) = -I 
XL(3,3) = I 

E:--D IF 
E'JD IF 

ENDIF 

AL = (X\fOE(N) • El(3,M) Fl..(N)""3 
B = (XMOF.(N) • El(l,:-.)) El.(N)••3 
GA = (X~10E(N) • A(II,')) El..(N) 
DE = (XMG(N) • El(l,N)),F.L(!',;) 

G(I)• GA'Xl..(1,1)"•2 • 12•AL•XL(2,l\°2 • 12•o•XL(3,1)"•2 
G(2)= GA'Xl(l,l)"XL(t.2) • l2.0DO'AL·xu2.l)"Xl.(2,2) s + 12.ooo·wxt.(3,IJ'Xl.13,2) 
G(3) = GA •xt.(l. l)'XL( 1.3) • 12.ooo·AL ·xl..(2,l)"Xl(2,3) 

S + 12.ooo•u•Xt(l,IJ'XL(l,3) 
G(4) = GA 'Xl(l.2)"'2 • 12.0D0' Al 'Xl.(2,2)··2 • 12.ooo•o·xl..(3,2)""2 
G(S)" GA'XL(l.2)'Xl.(l.3) • 12.0D0'AL'Xl..(2,2)'XL(2,3) 

S + l2.0D0'B'Xl..{3,2)"Xl.(3,3) 
G(6)= (iA'XL(l.3)'"2 • 12.0D0'AL'Xl.(2.3)"2+ 12.0D0·o·xu3.3)""2 
G(7) = DE'XL{ I, tJ••2 • 4.0D0'EL(N)"2' AL'Xl.(3,1)"2+ 4.0D0 

S 'EL(N)'"2'D'X 1..(2.1 )" 2 
G(S) = DE'Xl.( I, l)'XL( 1,2) • 4.0D0'El.(NJ'•2' AL'Xl.(3,l)'Xl..(3,2) 

S • 4.0D0'El.(N)"2'1l'Xl.(2,l)'Xl(2.2) 
G(9)= DE'Xl..(l,l)'Xl.(1,3) + 4.0D0'EL(NJ••2•AL'Xl.(3,l)"Xl..(3,3) 

S + 4.0D0'El..(NJ"2'B"Xl..(2,l)"Xl..(2,3) 
G(I0) = DE'Xl.(1.2)"2 • 4.0D0'El.(N)"2'AL'Xl..{3,2)""2 

S + 4.0D0'EL(N)•·2·o·xu2.2)"2 
G( II)= DF.'XL(l.2)'X L( 1.3) + 4.0D0'El.(NJ••2• AL "Xl.(3,2)'Xl.(3,3) + 

S 4.0D0'El.1 N)" 2' D'Xl.(2,2)'X 1.(2,3) 
G( 12) = DE'XI.( 1,3)"2 • 4.0D0'EL(N)'•2•AL "Xl.(3,3)'•2 

S + 4.0D0'El.(N)"2'B'XL(2,3l°2 
G(l 3) = 6.0D0'F.L(:-.:)• AL'Xl..(2,l)'Xl.(3,1)-6.0D0'El.(N)'B 

S 'XL(3.ll'Xl.(2,I) 
G(l4) = 6.0D0'El..(N)' Al 'Xl(2,l)'XL(3,2)-6.0D0'El..(N)'D 

S 'Xl(l,l)"Xl.(2,2) 
G(l 5) = 6.0D0'EL(N)•AL 'Xl.(2,l)'Xl.(3,3)-6.0D0•El..(N)'D 

S •Xl.(3, I )'Xl.(2,3) 
G( 16) = 6.0D0'El.(N)• AL •xl.(2,2)'Xl.(3, 1)-6.0D0'El.(N)'B 

S 'XL(3,2)'Xl.(2,I) 
G( 17) = 6.0D0'EL(N)' AL 'Xl(2,2)'XL(3,2)-6.0D0'El..(N)'B 

S •Xl.(3,2)'XL(2,2) 
G( 18) = 6.0D0'EL{N)" AL 'Xl..(2.2)"Xl.(3,3)-6.0D0•El..(N)'B 

S •Xl.(3,2)"Xl.(2,3) 
G(l9) = 6.0D0•El.(N)" AL"Xl.(2,J)"Xl.(3,1)-6.0D0'El.(N)'B 

S •Xl..(3,3)'Xl.(2,I) 
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G(20) = 6.0D0°EL(N)° AL 0 XL(2,3)"XL(3,2)-6.0D0°EL(N)°B 
S 0 XL(3,3)"Xl.(2,2) 

G(21) = 6.0D0°El.(N)" AL 0 Xl.(2,3)"XL(3, 3)-6.0D0°EL(N)"B 
S 0 Xl.(3,3) 0 XL(2,3) 

G(22) = -DE.XI.( I, 1)°2 + 2.0O0°EL(N)°2° AL"XL(3,l) .. 2 s + 2.ooo·EL(N)""2•a·xt.(2,1r2 
G(23) = -DE 0 XL( I, l)"XUl.2) + 2.0DO-El.(N) .. 2° AL 0 Xl.(3, l}°XL(3,2) + 

S 2.000° l'L(1')" 0 2° B'X L(2, l)"XL(2,2) 
G(24) = -DE"Xl.(I, 1)0 XI.( 1,.1) + 2.ooo·EL(N)°2°AL 0 XL(3,l)°Xl.(3,3) + 

S 2.0DO" EL(N) .. 2°B'XL( 2, I)' X L(2,3) 
G(25) = -DE'XL( 1,2) .. 2 + 2.0D0'H(N)""2° AL 0 XL(3,2)°2 s • 2.ono 0 I:l.(NJ .. 2"B'XL(2,2)" 0 2 
G(26) = -DE.XI.( 1,2)"Xl.,(1,3) + 2.0D0°F.l.(N}°2°AL 0 Xl.(3,2)°XL(3,3) + 

S 2.0Do• El.,(N) .. 2° II° XI.( 2,2)"X L(2.3) 
G(27) = -DE°XI.( 1,3) .. 2 • 2.0D0°El.(N) .. 2°AL 0 XL(3,3) .. 2 

s • 2.ono 0 El.,(N)"2°a·xL(2,3i .. 2 
C 

END IF 
RETURN 
END ........................................................................ 

C 

RAASSM 

SCBROUTINF. RAASSM(N,\1BD,G,SS,MCODE,MX1'EQ) 
DOUBLE PRl'CISION G(2;),SS(600.600) 
IN I EGER INDEX(l2,l2),~fCODE(l2,°) 

C TIIIS SUBROllTl1'E ASSE\1nl.ES l llE ELEMENT STIFFNESS COEFFICIENTS INTO 
C TIIE SYSTEM STIFF;-sESS MATRIX: 
C 

C 

DATA INDEX/1,2,3, 13, 14, I 5,-1,-2,-J,13, 14,1 S,2,4,5, 16,17, 
S 18,-2,-4,-5,16, 17, I 8,3,5,6, I ?,20,21,-3,-5,-6, 19,20, 
S 21.13, 16, 19, 7,8,9,-13,· I 6,-19,22,23.24, 14, I 7,20,8, 
S 10, I l,-14,-17,-20,23.25,26, 15, 18,21,9, I I. 12,-15, 
S -18,-21.24,26,27,-1,·2,-3,-13,-14,-I 5, 1,2,3,-13, 
S -14,-15,-2,-4,-S,-16,-1 ',· 18,2,4,5,-16,- I 7,-1 ~.-3, 
S -5,-6,-1 q,.20,-21,3,5,6,-1 q,.20,-21, 13, 16, I 9,22, 
S 23,24,-13,-16,-1 ?, 7,8.~. I 4, 17,20,23,25,26,-14,- l 7, 
S -20,8, 10, 11, 15, 18,21.24,26,27,. J 5,-18,-21,9, 11, 12/ 

DO 20 JE = 1,12 
J = \1CODE(JE,N) 

IF (J.NE.U) TIIEN 
DO 10 IE = l,JE 

I = \1CODE(IE,N) 
IF (I.NE.OJ TIIEN 

K = I· J + MBD • I 
L = INDEX(IE,JE) 
IF (l..GT.0) TIIE:,,J 

SS(K,J) = SS(K,J) + G(L) 
ELSE 

SSIK.J) = SS(K,J) • G(-L) 
E!\D IF 

END IF 
10 CONTINUE 

ENO IF 
20 COJ',;TINUE 

RETURN 
E1'D ........................................................................ 

SOLVE 

C 
SUBROUTINE SOL VE(SS,Q,NEQ,MBD,MX NEQ) 

C 
C TIIIS SUDROUTll'\E CALLS SPBFA A:S:D SPBSL FOR TIIF. FIRST XI OAD 
C CO:'\DITION, LC = I. FOR SUBSEQliENT XLOAD CONDITIO?-.S, LC GREATER 
C TIIAN I, IT CALLS SPUSL. 
C 

DOlJllLE PRECISION SS(600,600),Q( 0 ) 

C INTEGER SS("1XNEQ,MX:--IEQ),Q( 0 ) 

C IF (LC.EQ.l)TIIEN 
CALL SPBFA(SS.~IXl-,;EQ,NEQ,~IBD,INFO) 
IF ((NFO.NE.0)TIIEN 

PRINT •;SINGULARITY .. .' 
STOP 

END IF 
C ENDIF 

CALL SPBSL(SS,MXNEQ,NEQ,MBD,Q) 
RETURN 
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END 
C TIIIS IS TIIE UNPACK SOLUTION ALGORITIIM WITII COMMENTS. 
C·····························································-·· 

SUllROCTINE SPllFA(ABD,LDA,N,M,INFO) 
INTEGER LDA.N.~I.INFO 
DOUBLE PRECISION AUD(600.") 

C REAL AUD(LDA.") 
C 
C SPDFA F,\CTORS A RF.AL SYM\IETRIC POSITIVE DHINITE 
C MATRIX STORED IN DAND FORM. 
C 
C SPBFA IS lJSllAI.LY CAI.I.ED DY Sl'BCO, BllT IT CAN llE CALLED 
C DIRECTLY Wini A SAYING IN TIME IF RCOND IS NOT NEEDED. 
C 
C ON ENTRY 
C 
C ADD RF.AL(I.OA, N) 
C TIIE MATRIX TO IJF. FACTORED. TIIE COLUMNS OF TIIE UPPER 
C TRl.'\NGLE ARE STOREll l"s TIIE COLUMNS OF ADD AND TIIE 
C Dl,\GONALS OF TIIF. tJPPER TRIANGLE ARI: STORED IN 1 IIE 
C ROWS OF AllD. SEE TIIE COMMl:NTS UELOW FOR DETAILS. 
C 
C LOA INTEGER 
C TIIE LEADING INTEGER OF TIIE ARRAY AUD . 
C LDA MUST BE .GE. M • I . 
C 
C N INrEGER 
C TIIE ORDER OF TIIE MATRIX A . 
C 
C M INT Hi ER 
C TIii' Nt.:\lllER OF DIAGONALS ABOVE THE MAIN DIAGONAL. 
C 0.L.E.M.LT.N. 
C 
C ON RHCRN 
C 
C ABD AS UPPER TRIANGULAR MArRIX R, STORED IN BAND 
C FORM, SU TIIAT A = TRANS(R)"R. 
C 
C INFO INTEGER 
C = 0 FOR NOR\IAL RHCRN. 
C : K IF TIIE LEADING \IINOR OF ORDER K IS NOT 
C POSITIVE DEFINITE. 
C 
C DANO STORAGE 
C 
C IF A IS A SYMMETRIC POSITIVE DEFINITE BAND MATRIX, 
C TIIE FOLLOWING PROGRA\1 SEGMENT WILL SET UP TIIE INPUT. 
C 
C M = (BAND WIDTII ADOVE DIAGONAL) 
C DO 20 J = I, N 
C II r. \IAXO( I, J·M) 
C DO 10 I = II, J 
C K = l•J +M + I 
C AIJD(K.J) = A(l,J) 
C 10 CONTl'llJE 
C 20 CONTll'sl"E 
C 
C UNPACK. TIIIS VERSION DA TED OR/14178 • 
C CLEVE MOLER, UNIVERSITY 01' NEW MEXICO, ARGONNE NATIONAL LAB. 
C 
C SUDROUTISES AND FUNCTIONS 
C 
C BLAS SOOT 
C FORTRAN MAX0,SQRT 
C 
C INTERNAL VARIABLES 
C 

DOl;fll.E PRECISION SDOT,T 
DOUBLE PRECISIONS 
INTEGER IK.J,JK,K.MU 

C BEGIN BLOCK WITII ... EXITS TO 40 
C 
C 

DO 30 J = I, N 
INFO= J 
S = 0.000 
IK • M + I 
JK = MAXO(J.M,I) 
MU = MAXO(M + 2•J,I) 
IF (M .LT. MU) GO TO 20 
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DO 10 K = MU, M 
T = ABD(K,J) · SDOT(K•MU,ABD(IK,JK),l,ABD(MU,J),I) 
T = T/ABD(M + l,JK) 
ABD(K,J) = T 
S=S~PT 
IK = IK · I 
JK = JK + I 

10 CO"''TINUE 
20 CONTINUE 

S ABD(M + l,J) • S 
C ••••.. EXIT 

II' rs .LE. 0.000) GO TO 40 
ABD(M • l,J) = SQRT(S) 

30 COl\:TINUE 
INH> 0 

40 COl\:TISL E 
Rl'TlJRN 
END 

C······················································· 
St' BROlJTl"sE ~PBSL(ABD,LDA, :S,M,ll) 
IS l'IC.l'R I.D.'\,S,M 
DotJ Ill.I' PRECISION ABD(600, •),II(•) 

C REAL ABD(LDA."),IJ(•) 
C 
C Sl'BSL SOLVES 1'111: REAi. snt~1EI RIC POSITIVE Dl'FINITE 
C BAND SYSTEM A•X = II 
C USING TIIE FACTORS COMPt.:TED DY sroco OR SPBFA. 
C 
C O:S: ENTRY 
C 
C ABO REAL(I.DA, N) 
C TIIE OUTPUT FROM SPBCO OR SPDFA. 
C 
C LDA INfEGER 
C TIIE LEADING INTEGER OF TIIE ARRAY ADD . 
C 
C N 1'-TE0ER 
C THE ORDER OF THE MATRIX A. 
C 
C M INTEGER 
C TIIE NUMIIER OF DIAGONALS ABOVE TIIE MAIN DIAGO:-.IAL. 
C 
C D REAL(N) 
C TIii: RIGIIT HAND SIDE VECTOR. 
C 
C ON RETl!RN 
C 
C D THE SOLUTION VECTOR X . 
C 
C ERROR CONDITION 
C 
C A DIVISION BY ZERO WILL OCCUR IF TIIE INPL'T FACTOR CONTAINS 
C A ZERO ON TIIE DIA<,OSAI.. fECIINICAI.I.Y THIS INDICATES 
C Sl?\GLLARITY BUT IT IS liSl:ALLY CAl:si:o BY IMPROPER Sl llROUTINE 
C ARGt:'.\U:NTS. IT WII.L. NOT OCCUR 11· TIIE SUDROCTINES ARE CALLED 
C CORRECILY AND INFO .EQ. 0. 
C 
C TO CO\IPUTE INVERSE(,\)• C WIIERE C IS A MATRIX 
C wrrn p COLUMNS 
C CALL SPDCO(ABD,LDA.N,RCOND.Z,INFO) 
C IF (RCOND IS TOO SMALL .OR. INFO .NE. 0) GO TO ... 
C DOIOJ:l,P 
C CALL SPIISL(ABD,l.DA,N,C(l,J)) 
C 10 CONTINUE 
C 
C L11'PACK. TIIIS VERSION DA !'ED ORl!4178. 
C CLEVE MOLER, UNIVERSITY OF NEW "1EXICO, ARGONNE NATIO:-.IAL LAB. 
C 
C SUBROUTINES AND FUNCTIONS 
C 
C BLAS SAX PY ,SOOT 
C FORTRAN \IINO 
C 
C INTERNAL '.'ARIADLES 
C 

C 

DOUBLE PRECISION SDOT,T 
INTEGER K,KB.LA,LB,L~ 

C SOLVE TRANS(R)'Y s B 
C 
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00 10 K = I, N 
LM = MINO(K•l,M) 
LA = M + I· LM 
LB = K · LM 
T = SOOT(LM.ABD(LA,K),1,ll(LB),I) 
ll(K) = (ll(K) • T)JADD(M + l,K) 

10 CONTINL'E 
C 
C SOLVE R"X = Y 
C 

DO 20 KB = I, N 
K = N + I· KB 
LM = MINO(K•l,M) 
I.A = M + I· LM 
Lil= K • LM 
ll(K) = IJ(K)iABD(M • l,K) 
T = ·ll(K) 
CALL SAXPY(LM,T,ABD(LA,K),1,ll(LB),I) 

20 CONTINt:E 
RETURN 
E!':D 

C·····························---
SUDROUTINE SAXPY(N,SA,SX,11-.CX,SY,INCY) 

C 
C CONSTANT TIMES A VECTOR PLIJS A VECTOR. 
C t:SES UNROLLED LOOPS FOR INCREMENTS EQUAL TO ONE. 
C JACK DONGARRA, LIKPACK, 3/11/78. 
C 

C 

C 

l>OL'BLE PRECISION SX("),SY(0 ),SA 
INTEGER 1,1:--ICX,INCY,IX,IY,M,MPl,N 

IF(N.Ll:.0)RETURN 
If- (SA .EQ. 0.0D + 0) RETljRN 
IF(l!\CX.EQ.1.AND.INCY.EQ.l)GO TO 20 

C CODE FOR USEQUAL INCREMENTS OR EQUAL INCREME:s/TS 
C NOT 1:QUAL TO I 
C 

IX• I 
IY = I 
IF(INCX.LT.0)IX • (•N + 1)0 1NCX + 
IF(INCY.LT.0)IY • (•N • l)"INCY + 
DO 10 I • l,N 

SY(IY) • SY(IY) + SA 0 SX(IX) 
IX = IX + INCX 
IY = IY + INCY 

I0CO1'1INUE 
RETURN 

C 
C CODE FOR BOTH INCRE~IENTS EQUAL TO I 
C 
C 
C CLEAN•UP LOOP 
C 

20 M = MOD(N.4) 
II'( '.I .F.Q. 0) GO TO 40 
DO 30 I = 1,\1 

SY(ll = SY(I) + SA"SX(I) 
30 CONTINUE 

IF( N .LT. 4 ) RETURN 
40 '.1PI • M + I 

DO 50 I = MPl,N.4 
SY(I) = SY(I) • SA"SX(I) 
SY(I + I) = SY(I + I) + SA0 SX(I + I) 
SY(I + 2) = SY(I + 2) + SA "SX(I + 2) 
SY(I • 3) = SY(I + 3) • SA "SX(I + 3) 

50 CONTINUE 
RETURN 
END 

C··-···-------···-····-······· 
DOUBLE PRECISION FUNCrJON SDOT(N,SX,INCX,SY,INCY) 

C 
C FORMS THE DOT PRODUCT OF TWO VECTORS. 
C USES UNROLLED LOOPS FOR INCRE:\IENTS EQUAL TO ONE. 
C JACK DONGARRA, UNPACK, 3il 1/78. 
C 

DOUBLE PRECISION SX(0 ),SY(0 ),STEMP 
INTEGER l,INCX,INCY,IX,IY,M,MPl,N 

C 
SDOT = 0.0D + 0 
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C 

STEMP = 0.0D + 0 
IF(N.LE.0)RETURN 
IF(ll'sCX.EQ.1.AND.INCY.EQ.IJGO TO 20 

C CODE FOR UNEQUAL INCREME,'TS OR EQUAL INCREMENTS 
C NOT EQUAL TO I 
C 

C 

IX= I 
IY = I 
IF(INCX.LT.0)IX = (-N+ l)"INCX + I 
IF(INCY.LT.0)IY = (•N + l)"INCY + I 
DO 10 I = l,N 

STE)Ar = STEMP + SX(IX)"SY(IY) 
IX = IX + INCX 
IY = IY + INCY 

10 CONTINL:E 
SDOT = STEMP 
RETURN 

C CODE FOR BOTH INCREMENTS EQUAL TO I 
C 
C 
C CLEAN-UP LOOP 
C 

20 \I = MOD(N,5) 
IF( \1 .EQ. 0) <iO TO 40 
DO 30 I = l,M 

STP,1P = STEMP + SX(l)"SY(I) 
30 CO!-.TINVE 

IF( N .LT. 5) GO TO 60 
40 \1rl = M + I 

DO SO I = \11'1,N,5 
s·1 E\1r = STE\lr + SX(l).SY(I) • SX(I + l)"SY(I + I) + 

• SX(I + 21·svc1 + 2) + SX(I + 3)"SY(I + 3) • SX(I • 4)"SY(I + 4) 
50 co, IINl' E 
60 SDOT = STE\1P 

RETliRN 
E-..:D 

RAELMF ........................................................................ 
SliBROUTll'sE RAEI.MF(MCODE,Q.ll'LAG.1St:PC,X\1OE,l,EI.El.A,X\1G,XMJ,D,Dl 

S .FLO,F,Fl.MN,NTD.Y\IAX,\11:--.C.NF..DEFl.,DISrL,Jn 
DOUBLE rRECIS ION Q(•),EI( 3, • ),l:L( '),D(•).DL(•),,\( ').DEFL(•), 

S FL( 12, "),FLO( 12),F( I 2, '),X )AOE( '),XMG(•),XMJ(•), Y, YMAX 
S ,DISPL(6,') 
INTEGER IFLAG('),MCODf:( 12, '),MN('),MINC(2, ') 

C 
C TIIIS St:BROUTINE TRANSFOR\1S TIIE GLOBAL DISl'LACE\1ENTS INTO LOCAL 
C Et.E\1E1'T-END DISrLACE\1NTS, A:,,.o TIIES CALCVLATES TIIE LOCAL ELE\IENT 
C FORCES FOR EACH MEMBER: 
C 

DO l0L = 1.12 
K = MCODE(I..I) 
IF (K.NE.0) TIIEN 

D(L) = Q(K) 
El.SE 

D(I.) = 0.0D •O 
E:-..D IF 
IF tL.EQ.2) THEN 

DEFl.(Mll'sC(l,I)) = ABS(D(2)) 
El.SE IF (L.EQ.8) THEN 

DEFL(I\IINC(2,I)) = ABS(D(8)) 
E:-.ID IF 

10 CO1':Tl1'UE 
C 

C 

Y = AOS(D(2)) 
IF (Y.GT.Y\IAX) THEN 

YMAX = Y 
\!EM = I 
JT = MINC(l,I) 

ENDIF 

DISPL(l,MINC(l,I)) = D(l) 
DISPL(2.MINC(l.l)) = 0(2) 
DISrL(3,MINC(l,I)) = D(3) 
DISPL(4,MINC(l,I)) = D(4) 
DISPL(S,MINC(l,I)) = D(S) 
DISPL(6,MINC(l,I)) = 0(6) 
DISPL(l,MINC(2,I)) = D(7) 
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C 

DISPL(2.MINC(2,I)) = 0(8) 
DISPL(3.MISC(2,I}) = 0(9) 
DISPL(4.MINC(2,I)) = 0( 10) 
DISPl..(5,MINC(2,I)) = D(I I) 
DISPL(6,MINC(2,I)) = D(l2) 

C WRITE(6,2fJO) l,(D(L),L = 1,12) 
C 200 I OR\IAT (12,6(1X,FI l.8)/3X,6(IX,FI 1.8)) 

C 

IF (IFLMi(l}.l'Q.1.OR.IFLA<;(IJ.EQ.4) TIIEN 
IF (I.EQ.MS(NTD) + 35.OR.1.EQ.MN(NTD) + 36) TIIEN 

DO '.10 J = 0,9,3 
Dl.(J +I)= -D(J+ I) 
Dl.(J + 2) = -D(J + 2) 
Dl.(J + J\ = D(J+ 3) 

30 co:-.·1 INlJE 
El.SE IF(I.EQ.MN(NTD) + 17.OR.1.EQ.MN(NTD) + 32.AND.ISlJPC.EQ. l)TIIEN 

DO 40 J 0,9,3 
Dl.(J + I) = -D(J + I) 
DL(J+2) = -D(J+2) 
DL(J + 3) D(J + 3) 

40 CO:-,TINlJE 
ELSE 11·(1.EQ.MN(NTD) + 17.0R.I.F.Q.MN(r--TD) + 32.Ar--D.ISUPC.EQ.2)TIIEN 

DO 45 J = 0,9,3 
Dl.tJ + I) ·D(J + I) 
Dl(J • 2) = -D(J t 2) 
Dl.(J • J) = D(J + 3) 

45 CO'-TINllE 
El.Sf IF (I.EQ.MN(NTD) + 18.OR.I.EQ.MN(NTD) + 33.AND.ISUPC.EQ.3)TIIEN 

DO 50 J = 0,9,3 
Dl.(J + I) = -D(J + I) 
Dl.(J + 2) = -D(J + 2) 
Dl.(J • 3) = D(J + 3) 

50 COSTl:SUE 
El.SE 

DO 60J = 1,12 
DW\ = D(J) 

60 co,n:--;uE 
END IF 

ELSE IF (IFI.AG(l).EQ.2) TIIEN 
DO 70 J = 0,9,3 

DI.O + I) = -D(J + 3) 
Dl..(J + 2) = D(J + 2) 
DL(J +3) = D(J+ I) 

70 CO!'.TINCE 
ELSE IF (IFLAG(l}.EQ.3) THEN 

DO RO J = 0,9,3 
DL(J + I) = -D(J + 2) 
Dl.(J + 2) = D(J + I) 
DL(J + 3) = D(J + 3) 

80 CONTINUE 
END IF 

AL = (XMOf(I) • El(l,l})/(El.(1}" 0 3) 
D = (X\1O1'(1) • El(2,l)).(EL(l)" 0 3) 
GA = X',IOE(I) • A(l},EL(I) 

C DE = XMG(I) • XMJ(l).EL(I) 
DE = X~tG(I) • El(l,l)1EL(I) 

C 
C LOCAL FORCES AT A-END OF MEMBER FROM THE LOCAL ELEMENT MODEL (F = KO): 
C 

Fl.0(1) • GA'DL(I) • G/\ 0 D1.(7) 
FL0(2) = l2.0D0'AL 0 DL(2)+ 6.0D0°EL(l)"AL 0 Dl.(6)·12.0D0·AL 0 DL(8) + 

S 6.0D0'l:Ul)'AL'Dl.(12) 
FL0{3) = 12.ooo•o·ou,i. 6.ooo·El.(l)'D·oL(S) .12.ooo·B·ou9>. 

S 6.0D0'El.(l)'O•DL(I I) 
1-1.0(4) = DE.D1.(4) · DE"Dl.(10) 
Fl.0(5) = -6.0D0·EL(l)'trDl,(3) + 4.0D0°EL(l)'"2•n·ou5) 

S + 6.0D0'l'l(l)'D'Dl.(Q) + 2.0D0'El.(l) .. 2'0'O1.(11) 
FL0(6) = 6.0D0'EL(l)"AL'Dl.(2) + 4.0D0'El.(1)'·2·AL·ou6) 

S · 6.0D0'EL(l)"AL·ous) + 2.0D0'El.(1}"2°AL·ol..(12) 
C 
C LOCAL FORCES AT B-END OF MEMBER FROM EQUILIBRIUM: 
C 

C 

FLO(7) = -FLO(I) 
FL0(8) = -FLO(2) 
FL0{9) = -FL0(3) 
FLO{I0) • -FLO(4) 
FLO(II) • -EL(l)"FL0{3) • FL0{5) 
FLO(l2) s EL(l)"FLO(2) • FL0{6) 
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C 

C 

DO901 = 1,6 
Fl,(J,I) = F(J,I) + FLO(J) 

90 CONTINUF. 
Fl.(7,1) = F(7,I) - FLO(!) 
Fl{R,I) = F(8,J) - FLO(2) 
H.(?,IJ = 1'(9,1) • FLO(3) 
FL(IO,I) = F(I0.I) · FLO(4) 
Fl,(1 I.I) = F( I 1,1) · (FLO(3)"E[,(I)) , FLO(S) 
FL(l2,1) = F(l2,I) - (FL0(2)'EL(I)) + FLO(6) 

RETURN 
EJ\D 

RASMST 

SUBROUTISE RASMST(IFLAG,,\,S,LTYl'E,XPLENG.XTSB,MTl'D,NTD,TDLOC,TDW, 
S MN,l'l,.S rsrA.STR.1'2,EL.FLO,l,SSMAX,DSMAX, 
S NE.XTD,Wl.,DST,DSTA,DSTlll 
DOUBLE J>Rl'CISION FL(l2 .. ),Sl(•),S r,\(•),S'I IJ(•),EL(•).XTSB, 

S SS\IAX,X,X I.OC,X POS,TDLOC( 15).TDW( 15),A(•\,S(), •),FLO( 12),XPI.ENG,Pl 
S ,DSMAX,BLOCAT,XTD,WL(•),DSl('),XMAX,DSTA("),DSTIJ('),XBMAX 
INI EGER IFLAG('),Ml\(') 

C TIIIS St:UROt:Tl1'E CAI.CIJI.ATf:S nJE STRESSES IN EACII STRl'-Gl'RllOARD ELEMENT 
C AND IDENTIFIES lllE MAXJMt;M VALUE AND WIIICII MEMBER ff OCCURS IN: 
C 

IF (IFLAli(l).EQ.I) TIIEN 
STA(I) = (AllS(FLO(l)/A(I))) + (AIIS(FLO(S),S(2,I))) + (AUS(FL0(6) 

S ;S(3,I\)) 
STIJ(I) = (AIIS(FLO(l)/A(I))) + (ABS(f'LO(ll)1S(2.I))) + 

S (ABS(FLO(l2):S(3,I))) 
WRITE(6,') I.STA(l),S-lll(I) 
IF (I.LT.M:'l:(NTD)-2.OR.I.GT.MN(NTD) + 38) TIIEN 

IF (I.EQ.\IN('.'./TD)-4.OR.1.EQ.MN(STD)·5) Goro 50 
IF (STA(l).GT.STll(I)) nJEN 

X = STA()) 
XI.UC= 0.0D0 

ELSE 
X = STIJ(I) 
XLOC = EL(I) 

E!'ID IF 
IF (X.GT.SSMAX) TIIEN 

SS\IAX = X 
ME\1 = I 
xros Q xLoc 

E!'ID IF 
END IF 
IF (LTYPE.EQ.3.OR.LTYPE.EQ.4.OR.I.TYPE.EQ.5) TIIEN 

IF (LTYPE.EQ.4.OR.LTYPE.EQ.5) TIIEN 
X = (0.5D0'XPLENG) · XTSB 

K - 13 
DO 20 J = MlTD,NTD 

Y • (lDLOqJI + (0.SD0'TDW(J))) · (0.5D0'XPI.ENG) 
Z = (TDI.OC(J + I) + (0.iD0•l DW(J +I)))· (0.5D0'XPI.ENG) 
IF(X.GE.Y.AND.X.LE.Z) TIIEN 

DO 10 M 0,1 
YY = X • Y 
XBMAX = -FL(6,K + M) + FL(2,K + M)'YY 
ST(K + M) ~(ABS(FL( 1,K • M)/A(K + M))) +(ABS(XBMAX;S(3,K + M))) 
IF (ST(K + M).GT.SSMAX) THEN 

SSMAX = ST(K + M) 
MEM = K + M 
xros = YY 

END IF 
10 CO!',TINUE 

El.SE 
GO TO 30 

END IF 
K = K + 8 

20 CONTINUE 
Et-:D IF 

30 IF(LTYPE.EQ.3.OR.LTYPE.EQ.5) THEN 
IF (MOD(:-.TD,2).EQ.0) THEN 

XBMAX = 10.0D0 
ST(6) = (ABS(FL(l,6)/A(6))) + (ABS(XBMAX,-S(3,6))) 

ELSE 
XBMAX -Fl.(6,6) 
ST(6) (ABS(FL(l,6)/A(6))) + (ABS(XBMAX;S(3,6))) 

ENDIF 
IF (ST(6).GT.SSMAX) THEN 

133 



C 

SS:-.tAX = ST(6) 
ME\f = 6 
x ros = 0.0000 

E'lD IF 
E'lD IF 

ESD IF 
El.SE 

JI' (IFLAG(l).EQ.2) TIIEN 
DSTA(I) = (ABS(FLO( 1)/A(I))) +(ABS(FLO(S),'S(2,I))) +(ABS(FLO(6) 

S .'5(3,1))) 
DSTB(I) = (AOS(FLO(l);A(I))) + (ADS(FLO(ll).'$(2,1))) + 

S (ABS(FLO( 12),S(J,I))) 
IF (DSTA(l).GT.DSTIJ(I)) THEN 

DSl(I) = DSTA(I) 
X\IAX = 0.0D00 

ELSE 
DSl(I) = DS1 ll(I) 
X\IAX = EL(I) 

El',;D IF 
IF (\\'I (l).NE.0.0D00) TllrN 

XMAX = XTD + (ABS(FL(2.I) WU())) 
Xll\lAX = -FL(6,I) • ~L(2,1)'(1X\IAX • XlDl•2.0D00) + FL(S,I) 
DST(I) = ADS(Fl.(1,1) A(I)) • AUS(XUMAX ~2.1)) + 

S ADS(XBMAX,~(3.1)) 
END IF 
IF (DST(ll.GT.DSMAX) TIIEN 

DS\IAX = DST(I) 
Ml:\10 = I 
lll.<lC:\T = XMAX 

F.'\D IF 
END IF 

E!l:D IF 
IF (IH).SE) TIIEN 

WRll 1'(6.") 
WRIIT(o. 0 ) '\IAXIMIJ\1 DENDl:--JG STRESS IN STRINGERDOARDS =',SSMAX 
WRIIE(6, 0 ) 'IN \-1[!\o!Ul'R ·,ME:\! 
WRITE(6.") 'AT (IN)',XPOS 

WRITF.(6.") 
WRtr[(o.") !\o!AXIMUM llENDING STRESS IN DECKDOARDS ~·.osMAX 
WRITE(£,,") 'IN MF.MDF.R ',MF.MB 
WRITE(6.") 'AT (IN)',BLOCAT 

E1'D IF 
50 RETt:RN 

END 

STACKD 

C TIIIS Sl'BROCTINE CALct:LATES TIIE !\o!AXIMCM DEFLECTION IN TIIE TOP 
C STRINGERDOARDS FOR TIIE STACKED MODE 
C 

C 

Sl!BROl:TINE STAt:KD(JN.STD.XI.C.DITL,X\IOE) 
DOIJDLE PRl'CISION XLC("),DFFL("),X(20),Y(20),YIMAX,XTARG,XLENG, 

S X 1(20), Y 1(20),SIJ:--.t,XMOE(") 
INTEGER JN(") 

IF (!\'TD.GT.3) THEN 
IF (X\1OE(3).GT.l.0DOO) TIIEN 

DO 30 II = 1,2 
IF (11.EQ.l) THEN 

L = 7 
M = 6 

ELSE 
L = 10 
1\.1 = 3 

END IF 
N\IAX 2 
X(l) = 0.0D00 
Y(I) = 0.0DOO 
J = 1 
DO 10 I = L,JN(NTD)-M,6 

J = J + I 
1':-.fAX = N!\o!AX + I 
X(J) X LC( I) 
Y(JJ = DEFL(I) 

10 CONTlt,;UE 
Y(N\-tAX) = 0.0000 
IF (11.EQ.1) THEN 

X(:-.l:-.fAX) = XLC(JN(NTD) + I) 
XLENG = XLC(JN(NTD)+ I) 
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C 
C 
C 
C 

ELSE 
X(NMAX) = 4) 
XLF.SG = XLC(JN(NTD) 4 4) 

E'-D IF 
YI ~11\X = 0.0DOO 
DO 20 K = 1,10 

XTARG = (K'XLENG)/10.0D00 
X l(K) = XTARG 
SUM = 0.0DOO 
CALL LAGRAN(NMAX,X,SlJM,Y,XTARG) 
Yl(K) = SUM 
IF (Yl(K).GT.YlMAX) HIEN 

YIMAX = Yl(K) 
E'sD IF 

20 CO:Vfl:-.IUE 
IF (11.EQ.I) TllEN 

WRITE(6,') "MAX.DEFLECllON IN TOP STRINGERBOARD IS=·, 
S YIMAX 

30 

El.SE 
WRITE(6,') "MAX.DEFLECllON IN BonoM STRINGERUOARD IS = · 

,YlMAX 
F.'-D IF 

CO'-flNUF. 
ELSF. 

WRITE(6.') "MAX.DEFLECrlON IN TOP STRl:-.IGF.RBOARD IS = ·, 
DEFl.(2) 

s 
WRITE(6,') "MAX.DEFLECTION IN BOTI"OM STRIJ\:GERBOARD IS =' 

,DEFl.(4) 
F.ND IF 

F.I.SE 
WRITF.(6.') 'TOO FEW DF.CKUOAROS FOR STACK ANALYSIS. MINIMUM 

S :s;L\IUER ALLOWED IS J." 
END IF 
RFI LR:--1 
E:\D 

LAGRAN 

SUBROUTINE LAGRAN(NMAX,X.SU~f.Y.XTARG) 
DUL'BLE PRECISION X(20),Y(20),SUM,XTARG,XHAT 
DO 20 I • l,N\IAX 

XllA T l.0D00 
DO 10 J = l,NMAX 

IF (I.EQ.J) GO TO 10 
XllAT = XHAT'(XTARG • X(J)),(X(I) · X(J)) 

10 CONflNUE 
SUM = SUM 4 (Y(l)°XHAT) 

20 CONTINUE 
RF.TURN 
END 
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Appendix B: 

Program listing - (RAD) 
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MAIN 

Stack:Modify 
for constraints 

I= l,NE 

CODES 

PROPS 

LTYPE 

,-----
I 

+ MELEMS 

L+---

SOLVE 

,-- -
I 

MELEMF 

I = 1, NE 1 

MSTRESS 

END 

Member incidences, initialize 
JCODE, modify for constraints, 
supprot, joint support, 
modify JCODE for joint support 

Initialize joint load vector & 
fixed end force vector to zero 

LINE 

Initialize system stiffness 
matrix to zero 

Initialize member-end 
force vector to zero 

Maximum displacement 

Maximum stress 
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........................................................................ 
RAD ANALYSIS ..... . ........................................................................ 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
C 

DOUBLE PRECISION TDW(I0,l),8DW(I0,2),BLKW(l),BLKLOC(l,3),Q(60), 
S El..(30),W(30),T(30).El(30),A(30),S(30), 
S F(6, 30),G(7),SS( 100, I 00J.FL(6,30),P(3,20),l'LO( I 2),C2(30) 
S .Dl.{6),ALPIIA(30),8ETA(30),ST(30),STA(30),STB(30\,Cl(30), 
S DISPL(3,20),X\10F.(30),XM<,(30),XMMAX,XI.OAD,DMOF.,PLE'\!GT,PWIDTll,TDITr 
S ,BDBT.lll.KT.RADSPA,TDU,CL,Sl.,XTD,GAM3,GAM4,GAM5, 
S GAM6,X 2.TDMOE,llDMOE,TDDE,DDllE,P I ,P2,WINGL,TDBW, Y MAX, YS.STMAX 
DIMENSION MCODE(6,30),\IINC(l,2l),JCODE(3,30) 
PARAMETER (MX = 15,MXNEQ = 3 • (MX-1),llMOE =JO.OD+ 06) 

C 
DATA NTD,NDD,NTSll,NTDW,NllDW/1,1,3,1,1/ 
DATA NULK,NBLKPS,9,3/ 
DATA PLF.NGT,PWIDTll/560D + 0,32.0D + 0/ 

C DATA(TUW(L,1),L = 1,9),9°1.0D0/ 
C DATA (TDW(l.,l),L = 1,9),9°3.5015/ 
C DATA (llDW(L,1),L = 1.3):3°1.0D0/ 
C DATA (UDW(L,2),L = l,3)•3'3.531/ 

C 

DATA TDW( I, l),TDW( l,2)/I .0D00,5.604DOO/ 
DATA BDW(I, l).BDW(l,2)! I .0D00,4. 763DOO/ 
DATA TDBLllDBT/.6250D 0,.625001) + 01 

DATA TDllE,UDBEtl.674540O • 06,l.672577D + 06/ 
DATA BLKT,lllKW(l),UI.KI.OC(2,3)'3.12SD •0.3.12SD+0,28.875D •0/ 
DATA RADSl'A.ISTYLE,TDO,'28.8750 • 0,1,0.0D • 0/ 
DATA LTYl'E.XLOAD,CL,SL,'3,0.0000D + 00,50.0D + 01,0.0D + 00/ 
DATA XTD,0.0D + 00/ 
DATA GA'.\13'60.0D + 031 
DATA GA~14,GAMS,GAM6/3.77266D + 05,0.00000D + 00,1.0D + 0/ 
DATA ISTAC/0/ 

C CALCULATE TIIE WING LENGTII IF TOP D.U IS WINGED:-
C 

IF (ISTYLE.EQ.2.0R.ISTYLE.EQ.3) THEN 
1\\'l!',G = I 
Wl:-IGL = TDO 
IF (ISTAC.EQ.ll TIIEN 

RADSPA = PWIDTH • TDO - (0.5°BLKW(I)) 
END IF 

El.SE 
IWl!',G = 0 
IF (ISTAC.EQ.J) THEN 

RADSPA = PWIDTH -TDO. (0.5°BLKW(I)) 
END IF 

E!l,D IF 
C 
C READl:-G IN MEMBER INCIDENCES 
C 

DATA MINC/1,l, 1,4,1,3,4,8,8, 10,4,5,8,9,10, 11,5,9,9,11,5, 
S 6,11,11,6,ll,6, 7,3, 7, 11, 13, 7,14, 13,14, 10,15, 15,16,17,4/ 

C 
C INITIALISE JCODE TO ZERO. TIIEN ADD IN co:-.sTRAINTS :-
c 3 DOF: I· TRA:-.S IN I DIR, l · TRANS IN 2 DIR, 3 · ROTATION AUOCT J 
C NOTE: I a FREE, ANDO • CONSTRAINT 
C 

C 

DO 21 = 1,16 
DO 1 L = 1,3 

JCODE(L.J) = 
I CONTINCE 
2 co:-.TINUE 

IF (ISTAC.EQ.l) THEN 
NJ = 17 
NE= 21 
'.\IINC(2.2l = 17 
MINC(l.ll) = 17 
Ml:S:C(2,21) ·' 4 
JNTSUP = 14 
ISCPC = 2 
DO41=1,l7 

JCODF.(1.1) = 0 
JCODE(2,I) = 0 
JCODEO.I) = 0 

4 CONTINCE 
JCODE(l,17) = I 
JCODE(2,I 7) = I 
JCODE(J,17) = i 
JCODE(i,J) = I 
JCODE(2,J) m I 
JCODE(J,J) • I 
JCODE(l,4) • I 
JCODE(2,4) = I 
JCODE(J,4) • I 
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IF (NBLK.EQ.4) TIIEN 
C JCOOE(l,I) = I 

JCODE(2,I) I 
C JCODE(l,2) = I 

JCODE(2.2) = I 
EI\D II' 
IF (NllLK.EQ.6) TIIEN 

IF (NllLKPS.EQ.3) TIIEN 
C JCODE(l,I) = I 

JCODE(2,I) = I 
C JCODE(l,2) = I 

C 

JCODE(2,2) = I 
END IF 

E:',D IF 
ELSE 

NJ = 16 
NE 20 
JCODf:(1,1) = 0 
JCODE(3,I) = 0 
JCODl:(1,2) = 0 
JCODE(3,2) = 0 

C DETER:\11NF. TIIE SUPPORT CONDITION AND CORRESPOl'sDIN<i SUPPORT JOINT:-
C ,sere = I (INSIDE TIIE OlJTSIDI' lll.OCK); ISl;l'C = 2 (UNDER OUTSIDE 
C BLOCK); ISUPC 3 (UNDER V. INuED MEMBER). 
C 

IF (.S•RADSPA.LT.(OLKLOC(2,NTSO)-.S•PWIDTII)) TIIEN 
ISt.:PC = I 
J:-,iTSUP = 3 

ELSE IF(.5.RADSPA.GT.(llLKI.OC(2.NTS0)-{.5•rwm111)).AND.(.S-RADSPA 
S ).I.T.(lll.KLOC(2,STSll) • llLKW(l)-{.5.PWll>TII))) TIIEN 

ISlPC = 2 
JSTSlJP = 14 

El.SE 
1s1:rc = 3 
J'.TSUP = 15 

END IF 
WRITE(6,200) IWING,ISUPC,JNTSl.:P 

200 FOR:\fAT(IX,'IWING = ·.12.2x;1surc • ',12,2X,'JNTSUP • ',12) 
'WING = ·,WINGL 

C 
C MODIFYING THE JCODE FOR TIIE SUPPORT JOINT: 
C 

IF (ISUPC.EQ.3) THEN 
JCODE(2,JNTSUI') = 0 

El.SE 
JCODE(l,JNTSUP) = 0 
JCODE(2,JNTSUP) • 0 

END IF 
END IF 
CALL CODES(JCODE,:\11NC,NE,NJ,MCODE,NEQ) 
MUI) = MIJAND(MCODF.,NF) 
CALL PROPS(NTD,TDBE,NllD,llDBE,TDW,OLKT,PI.ENGT,8:\1OE,llLKI.OC, 

S TDllT.IStJPC.RADSPA.llDW,llDBT.lll.KW,IWl~W.WINGL.NllLK,SllLKPS.EL, 
S w:r.Et.A,S.X\1OF.X\1G,Cl,C2,l'WIDHI.NTSU,NTDW,NllDW,TDllW,NE,ISTAC) 
WRITl'(6.400) 'MEMBl:R',':\IOE','LENGTll','AREA' 

400 FOR!\.1/\T(. 3X,A6,9X,A3,I0X,A6, 7X,A4i) 
DO 5 I = l,'iE 

WRITF.(6,410) l,XMOE(l),EL(l),A(l) 
5 CONTl!'lUE 

410 FORMAT( SX,12,2X,FI 7.2,2X,F8.2,2X,3X,F8.2) 
C 
C IMTIAUSE TIIF. JOINT LOAD VECTOR AND TIIE FIXED END 
C FORCE VE<.7'OR TO ZERO: 
C 

DO 10 K = l,NEQ 
Q(K) 0.0D + 0 

10 CONTINUE 
DO 30 I = l,NE 

DO 20 L = 1.6 
F(L.1) = 0.0D + 0 

20 CO!'sTINUE 
30 CONTINt.:E 

IF (LTYPE.EQ.1.OR.LTYPE.EQ.2) THEN 
CALL UDL(XTD,XLOAD,ISUPC,IWING,EL,LTYPE,F,X2,Q,TDBW,ISTAC,NEQ, 

S NBLK,NBLKPS) 
ELSE 

CALL LINE(CL,SL.LTYPE,EL,XTD,PWIDTH,F,Q,ISUPC,Pl,P2) 
ENDIF 
WRITE(6,450) 'JOINT LOAD VECTOR:' 
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DO 37 I = l,NF.Q 
WRITE(6,460) l,Q(I) 

37 COl',;Tl!'-ilJE 
450 FORMAT('8X,A 18/) 
460 FORMAT(8X,12,5X,FI0.4) 

C 
C INITIALISE SYSTEM STIFFNESS MATRIX AND ELEMElll'T LOCAL FORCE 
C VECfOR TO ZERO : 
C 

C 
C 

DO 50 J = l,MXNEQ 
DO 40 I = l,MXNEQ 

SS(l,J) = 0.0D + 0 
40 COSTINUE 
50 COSIINUE 

DO 56 I 1,30 
DO 55 L = 1,6 

l'L(L.I) = 0.0D + 0 
55 CONTINUE 
S6 CONTINUE 

DO 60 N = I.NE 
CALL MELF.MS(GAM1,GAM4,GA:\15,GAMfj,XMOE,El,A,EL,Cl,C2,N,G 

S ,W,T,Nlll.K,NllLKPS) 
CALI. ASSEMS(MCODE,N,MBD,SS,G,MXNEQ) 

60 CO1'T!Nl;E 
CALL SOL \'E(SS,Q,NEQ,MBD.~1X NEQ) 

C FOR ALL NON SPRING ELEMENTS CALCULATE TIIE FORCES AND STRESSES IN 
C EACH OF TIIE MEMBERS: 
C 

YMAX = 0.0000 
ST:\IAX = 0.0000 
WRITl(6,490) 'MEMBER #','STRESS A-END','STRESS B-END' 

490 FOR~IAT(//9X,A6,5X,Al2,12X,Al2) 

C 
C 
C 

DO 90 I = I.NE 
IF (I.EQ.6.OR.I.EQ.7.OR.I.EQ.8.OR.I.F.Q.14.OR.I.EQ.16)TIIEN 

GO TO 90 
ELSE 

CALL MELEMF(MCOOE.Q,CI.C2,X\1OE,1.EL.A,F,FL,DL,El,ALPIIA,BETA, 
S FLO,YMAX,NE,:'-,IINC.OISPL,MEM,JT) 

CALL MSTRF.S(X2,l,L TYPE.X LOA l>,FL,A,S,ISL: PC,Dl..A LPHA.UET A,ST, 
S STA,STB,FLO,EL.XMOE,El,CL,Sl.,Pl,P2,PWIDTll,XTD,YS,STMAX,NE) 

E'.'-iD IF 
90 COI\TINUE 

WRITE(6,520) 'JOINT DISPI.ACEME:-ITS:' 
WRITE(6,510) 'JOINT #',TRANSLATION 1-DIR','TRANSLATION 2-DIR', 

S 'ROTATION ABOU f 3-AXIS' 
DO 110 N = !,NJ 

WRITl:(6,500) N.DISPL(l,:--l),DISl'l.(2,N),DISPL.(3,N) 
500 FOR\1A T( IX,12, 7X,Fl2.9, I IX,F I 2.9,9X,FI 2.9) 
110 CONTINUE 
510 FORMAT(/AS,3X,A I 8,3X,Al8,3X,A22,) 
520 FOR:\1AT(/117X,A21) 

WRITF.(6,0 ) 

WRITE(6,0 ) 'MAX. VERTICAL DF.FL. =',YMAX,' AT JT.#'JT 
STOP 
E1'D 

........................................................................ 
CODES ........................................................................ 

C 
C ASSIGN INTEGERS IN SEQUENCE TO ALL NON ZERO ELEMENTS OF JCODE: 
C 

SIJIJROUTINE CODES(JCODE,MINC,t-,;E,NJ.MCODE,NEQ) 
DIME1'SION JCODE(3, 0 ),MINC(2,'),MCODE(6,') 
NEQ = 0 
DO 20 J = !,NJ 

DO 10 L = 1,3 
IF (JCODE(L.J).NE.0) THEN 

NEQ = NEQ + I 
JCODE(L,J) = NEQ 

END IF 
10 CONTINUE 
20 CONTINUE 

DO 40 I= !,NE 
J = MINC(l,I) 
K MINC(2,I) 

140 



DO 30 L = 1,3 
MCODE(l,I) = JCODE(l.,J) 
\ICODE(l. + 3,1) = JCODE(L,K) 

30 CO'<TINUE 
40 CO'<Tl:SUE 

RETURN 
F.ND ····················•·····•··········•·······•········•·····•······•···· ........................................................................ 

C 
C CO~IPUTE THE HALF BAND WIDnt: 
C 

FU NCIION MBA ND(\1CODF.,NE) 
DIM ENS ION \1CODl'(6, ') 
MBA1'D r- 0 
DO 30 I = l,NE 

L = I 
10 IF (l\lCODE(L,l).EQ.0.AND.L.LT.6) THEN 

(. C L + I 
(;() TO 10 

[',() IF 
IS = MCODE(L,I) 
L = 6 

20 IF (MCODE(L,l).EQ.0.A ND.l.GT. I) Tl IEN 
L C L. I 
GO TO :o 

E\i() IF 
IL = MCODE(l,I) 
IDIF = IL· IS 
IF (ll)IF.G°D11lAND) THEN 

MIIAND = IDIF 
END IF 

30 cn,TINUE 
RHCR:--1 
E1'D ·•························•··•····················•······•·········•···· PROPS 

C 
C TIIIS ROUTINE CALCULATES ALL Ml'MllER PROPFRTIFS FOR EACH OF TflE 
C fU\IENfS. MOE, LENGTII, wmrn. TIIICK:--ESS, AREA, Sl'CflO:S. \IO()Ul.l:S, 
C AND \100. OF RfG(()fTY : 
C 

SUBROUTINE PROPS(NTD,TDO[,Nfll),ll()OE,TDW.OLKT.PUNGT.11\IOE,OLKLOC s ,TD!Tf.lS UPC.IL-\ ()SP:\,BDW. Bf) ll r.lll.K w ,(WIN(;, WI Ntil.. N Bl .K.N Bl.K rs 
S ,El.,W,T.El,A,S,X\1OE,XMG,C 1,U,PW(() fll.NTSll,NTDW ,NBDW, fDllW ,NE 
S ,ISTAC) 
DOUBLE PRH:ISION El('), T('),rl(').i\("),S('),Ol K W(ll,X \1O[("),XMG( ") 

S ,W('),BDW( 10,2),TDW( I0,2l.BI.KLOC(l,:S.TSll),Cl('),C2('), rnuw 
S ,BDIJE.BLKT,PLE:--GT,B\l<>E,lDU !,RA DSl'A.llDIJT, WI Nt,L,TDBE.PWIDTII 

C 
C LENGTH, W(()TH, DEPTII, MO\IE'<T OF J:--ERTIA, X\1UE, & G OF \1E\IUERS 
C 

10 TD\10E = (NTDl • (TOBE) 
BD\!OE = ('IJDJ • (BOBE) 
TDBW = 0.01) • 0 
DO 20 I 1.NTDW 

TDDW = 1 DBW + TDW(l,l)'TDW(l,2) 
20 CONTINUE 

IJDllW = 0.00 0 
DO l(l f = l,NBDW 

BDBW = BDIJW + BDW(l,l)'BDW(l,2) 
30 co,TINl 1E 

El.(IJ " Ill.KT 
W(ll PLF,GT 
T( I) " BLKT 
X\IOE(I) = B\IOE 
El(2) = Bl.KLOC(2,NTSB) • .S'(PWIDTII) 
W(l) = TDBW 
T(l) = TDBT 
X\IOE(2) = TDMOE 

C 3 St.:PPURT COt-D:TIONS: 1- INS(()E BLOCK, 2 • UNDER BLOCK, 3 · t.:!<IDER 
C !WINGED \!EMBER. 

IF (ISUPC.EQ.I) THEN 
EL(3) = .5.(RADSPA) 
El( IS) = BLKLOC(2,NTSB) • El(3) -.S•(PWIDTH) 

ELSE 
El(3) = BLKLOC(2,NTSB) • 1.0 • .S•(PWIDTII) 
El(IS) = 1.0 
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END IF 
WO)= ADOW 
T()) C ODBT 
X\10H3) = BDMOE 
\V(IS) = W(3) 
T( I 51 = T(3) 
X"'10E(IS) = BDMOE 
I. = 4 
DO 40 I = 0,8 

IF (1.1:Q.7.0R.I.E().8) THEN 
El.(L • I) = DLKT 
W(I. • I) = W(I) 
T(L + I) = T( I) 
X'.v!OE(l. + I) = RMOE 

FLSE If (I.E<).2.0R.1.EQ.3.0R.I.EQ.4) THEN 
El(L • I) = 0 

ELSE 
El.(L + I) = .S•(ULKW(I)) 
IF (I.EQ.O.OR.1.EQ.I) TIIEN 

W(L • I) = W(2) 
T(L + I) = T(2) 
X\IOE(L + I) = XMOE(2) 

El.SE 
W(L • I) = W(I) 
l<I. • I) = T(I) 
XMOE(L + I) = 8\IOE 

E:--.D IF 
ESDIF 

40 co-..;11N1.;E 
El.(13) = BLKW(I) 
W(l3) = W(I) 
l( I J) = T( I) 
X:.IOE(l3) = JO.OD +06 
El.( 14) = O.OD + O 
Fl.(lo) = 0.0D • 0 
IF ( ISl;l'C.EQ.2) THEN 

El.( 17) = (.soo·RADSPA) • (RLKLOC(2,NTSB) • (.soo•PWIDTH)) 
El.(IS) = DLKW(I) · El..(17) 

ELSE 
1'1.(18) = .S•(RLKW(I)) 
EL(I7) = .S•(ULKW(I)) 

ESO IF 
IF (El..(17).LT.I) THEN 

EL( I') = I.OD + 0 
END IF 
IF (1'1~18).1.T.l)THEN 

EL( 18) = I.OD + 0 
ESD IF 
W(l 7) = W()) 
T( 17) = T(3) 
X~10E(l 7) = XMOE(3) 
W(l8) = W(3) 
T(l8) = TO) 
X\10E<l 8) = X:-.1<lE(3) 
IF (IWISG.EQ.I) TIIE'i 

IF (IStJPC.EQ.3) TIIEN 
El.(20) = (o.s·PWIDTH) · (.5.RADSPA) 
F.L(l9) = WINGL · El..(20) 

El.SE 
El.(19) = .S•(WINGL) 
El.( 20) s EL( 19) 

E,D IF 
IF (El.(19).I.T.I) TIIEN 

[l.(l•l) = 1.0 
E:',;ll IF 
IF (EL(20).LT.I) TIIEN 

El.(~O) = 1.0 
E:S:D IF 
X~101'(19) = TDMOE 
XMOE(20) = TDMOE 

ELSE 
El.(19) = 1.0 
EL(W) = 1.0 
XMOE(l9) = I.ODO 
XMOE(20) = I.ODO 

END IF 
W(l9) = W(2) 
T(l9) = T(2) 
W(20) = W(2) 
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C 

C 

C 

1'(20) T(2) 

IF (SJJLK.EQ.4) TIIEN 
X'v!OE(I) = 1.0D00 

END If 

IF (:--:JJI.K.EQ.6) TIIF.N 
lF (;s;JJLKPS.EQ.3) TIIEN 

XMOE(l) = I.0D00 
F:--:D IF 

E:--:D IF 

C FOR STACK SUPPORT CONDITION - AN EXTRA ELEMENT IS ADDED TO THE TOP 
C Dl:CK (#21), Al'-D ELEMENTS 2, 3, 15, AND 21 ARE ALL GIVEN SA\1[ LF.N<iTH. 
C DHLF.Cl"IONS ARE CHECKED AT JOIN rs 3 AND 17 l·OR TIIIS St;PPORT MODE. 
C 

IF (ISTAC.FQ.l) THEN 
1:1,(2) = o.s•EL(2l 
l'L(31 = El,(2) 
H(l5) = El.(2) 
EL(~l) = EL(2) 
X:-.10E(2I) = TDMOE 
W(21) = TDBW 
T(21) TDBT 

E:S.D IF 
C 

DO 50 I = 1,:--:E 
IF (El (l).l\E.0.0()00) THEN 

A(I) = W(l) • T(I) 
Ef(I) = (W(l)•T(l) .. J)·l2.0DOO 
S(I) = (El(I) • 2.0000) T\I) 
X:-.t<;(I) = X\IOL(l)/16.01)00 

F'iDIF 
50 CONTINUE 

C 
C COMPUTING THE DIRECTION COSINES FOR THE ELEMENTS 
C 

Cl(l) = 0.0D+0 
C2(1) = -I.OD •0 
DO 60 I = 2,5 

Cl(I) = I.UD•0 
Cl(I) = 0.0D + 0 

60 CONTINUE 
Cl(6) = 0.0D • 0 
G(6) % 0.0D + 0 
Cl(7) = 0.0D + 0 
C2(7) = 0.0D +0 
Cl(8) = 0.0D • 0 
G(8) = 0.0D + 0 
Cl(9) = I.OD+ 0 
C2(9) = 0.00 • 0 
Cl( 10) = I.OD+ 0 
G(IO) = 001)+0 
Cl(ll) = 0.0D+0 
G( 11) = · I.OD • 0 
Cl(l2) = 0.0D+0 
C2( 12) • -I.OD • 0 
Cl(l3) = 1.0D+0 
C2( 13) = 0.0D • 0 
Cl(l4) = 0.0D •0 
C2( 14) = 0.0D • 0 
DO 70 I= 15,20 

IF (I.EQ.16) f'HF.:-1 
Cl(I) = 0.0D • 0 
C(I) = 0.0D + 0 

ELSE IF (I.EQ.18) THEN 
Cl(I) = -I.OD+ 0 
<"2(1) = 0.00 + 0 

ELSE 
Cl(I) = I.OD +0 
C2(1) = 0.0D • 0 

END IF 
70CO'\'TINUF. 

C1(21) = -1.0D00 
C2(21) = 0.0DOO 
RETURN 
E:-.D ........................................................................ 

SUBROUTINE UDL ........................................................................ 
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C 
C TIIIS ROUTl1'E CALCULATES TIIE FIXED E1'D FORCES FOR EACH OF TIIE 
C LOADED :\IE\lllERS FOR TIIE IJNIFOR!'v!LY DISTRlllUTED LOAD CASE (TIOTII 
C Fl.ii.I. ASD PARTIAL UDL),AND TIIEN CALCl:LATES TIIE EQl.ilVALENT JOINT 
C FORCE VECroR : 
C 

SUTIROUTINE UDL(XTD.XLOAD,ISUPC,IWING,EL,LTYPE,F,X2,Q,TDBW,lSTAC, 
S SEQ.NBLK,NBLKPSJ 
DOU TILE PRECISION 1'(6:),Ef~•J,Q('),XLOAD,XTD,X2,TDBW 

C 
C FIRSTLY, FOR THE FULL UDL: 
C 

XLOAD = XLOAD I TDUW 
lF (LTYPF..F.O.1) TIIEN 

X2 = 0.0D • 0 
1'(2.2) = XLOAD'EL(2)/2.0D0 
H 5,1) = H2,2J 
F(3,2) = Xl.OAD'(El.{2)°2)'12.0D0 
1'(6,2) = -F(J,2) 
H2.4) = XLOAD'F.1,(4)/2.0D0 
f'(S,4) = H2,4) 
H 3,41 = XI.OAD'(EL(4)''2)/ll.0D0 
1'(6,4) = -F(J,4) 
H2,S) = Xl.OAD'EL(S)/2.0D0 
r(S.S) = F(2.S) 
F(3.5) = XLOAD'(EL{SJ••21, 12.0D0 
F(6,\) = -F(l,S) 

C WRITE(6:) ·2·,F(2.2).F(J.2l,F(5,l).F(6.2) 
C WRII [(6:) '4',F(2,4),F(3,4),F(S,4),F(6.4) 
C WR( l 1'(6, ') · s· .F( 2.S),F(3,S),F(S,5),F(o,S) 

IF (ISliPC.EQ.I) THEN 
0(1) = -F(2.2) 
0(5) = -F(S.2) · F(2,4) 
Q(61 = -F\6,2) · 1().4) 
0(17) = -f(S.4) · F(2,5) 
Q(IS) = -F(6,4) • F(3,S) 
0(23) = -F(S.5) 
Q(24) = ·1'(6,5) 

ELSE 
0(1) = -F(2.2) 
0(7) G -F( 5,2) • F(2,4) 
0(8) = -1'(6,2) · F( 3,4) 
0( 19) • -F(S,4) · F(2,5) 
O(W) = -F(6.4) · F(3,5) 
()(25) = -F(S,5) 
0(26) = -F(6,5) 

END IF 
IF (IWl'.'1/G.EQ. I) TIIEN 

II' (ISLiPC.EQ.3) TIIEN 
F(S,19) = XLOAD•EU19),2.0D0 
F(J.19) = XI.OAD'(El.(19)'"2) 12.0D0 
F(1.19) = F(S, 19) 
F(6,19) = -F(J,19) 
F1L:0) = XI.OAD'EU20),2.0D0 
F(S.20) = F(2,20l 
F( ),::0) = Xl.OAl)•(EL{.:0)"·2i.12.ooo 
F(~.20) = -F(J,20) 

C WRITE(6.'). 19· ,F(2. l?),F(3.19),F(5, 19),F(6,19) 
C WRITE(6:) ·20-.F(2,20),F(3,::0),F(S,20),F(6,20) 

Qi25) = -F(S,5) · F(2,19) 
Q(26) = ·F(6,5) · F(J,19) 
0(40) -F(6,19) · F(J,20) 
Q(42) = -F(S,20) 
Q(4l) = -F(6,20) 

El.SE 
1'(2,19) = XLOAD•EL{l9)!2.0D0 
f(S.I?) = F(2,19) 
F(3,19) = XLOAD•(EL(l9)" 0 2),'12.0O0 
1'(6.19) = -F\3,19) 
F(l.20) = XLOAD'EL(.20)/2.0O0 
F( 5 • .:OJ = F( 2, 20) 
F(3.20) = Xl.OAD'(EL{20) 0 •2)112.0D0 
F(6.::0) = -F(J,20) 

C WRITE(6.') '19',F(2,19),F(3.19),F(S.19),F(6,19) 
C WRITE(6.') '20',F(2,20),F(J,20),F(S,20),F(6,20) 

IF (ISUPC.EQ. I) THEN 
Q(23) = -F(S,S) • F(2,19) 
Q(24) = -F(6,S) • F(3,19) 
Q(38) = -F(S,19) • F(2,20) 
Q(39) = -F(6,19) • F(J,20) 
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0(41) = -F(S,20) 
Q(42) = -F(6,20) 

ELSE 
Q(2S) = -F(S,S) • F(2,l9) 
Q{26) = -F(6,5) • f(3,l9) 
Q(JK) = -F(S,19) · F(2,20) 
0(39) = -f(6,l9) · f(J,10) 
Q(4I) = -F(S.20) 
Q(42) = -F(o,W) 

[\;I) If 
F.:\D IF 

E,._D IF 
El.SE 

C 
C SECONDLY TIIE PARTIAL tJDL: 
C 

IF (XTD.LT.EL(S)) THEN 
XS = XTD 
X2 = 0.0D + 0 
X4 = 0.0D + 0 

ELSE IF (XTD.LT.(El..(4) + EL(S))) THEN 
X4 = XTO • EL(S) 
X2 = 0.0D +0 
XS = El..(5) 

ELSE 
X2 = XTD · EL(4) · EL(S) 
X4 = El.(4) 
XS O El..(5) 

END IF 
C 

C 

F(S,2) = ( • XLOAD 1(2.0D0•F.L(2)"•J))•(2.0D0•Et.(2!°3'(EL(2)-X2) 
s -2.ooo·Eu2l'!EL(2J°3-X2'"3J , <Et.r21••4. x2••4n 

F( 2,2) = + XLOAD•(El.(2) • X2) · F(S,2) 
F( 3,2) = ( + XLOA DI( 12.0D0' EL(2)°° 2))'(4.000' EL(i)'(EL(2)'•3-X2•• 3) 

S -J•(El..(2)"'4-X2"4)) 
F(6,2) = (-XLOA D '( 12.0D0'EI.( 2)'• 2)1'(6.0D0' EL( 2)"2•(Fl.(2)" 2 

S -x2··2)-R.0D0"EL(2)'(E1~2) .. J -X2"1) • 3.0D0'(F.L(2)"4 · x2••4n 
F(5,4) = ( + XLOAD,(2.0D0'EL(4)"3))"(2.0D0•F.L(4)"J•(EL(4)-X4) 

S -2.0D0'EU4J'(El.(4)"3-X4"3) + (EL(4)'•4 · X4"4)) 
F(2,4) = + XLOAO-(El..(4) - X4) - F(S,4) 
F(J,4) = (XLOAD ( 12.ooo·EL.(4)" 2))'(4.0Do·EL(4)°(EL(4)°3-X4" 3) 

S -3.0D0'(El.(4)°'4-X4•'4)) 
F(6,4) = (-XLOA D,I 12.0D0' F.1.(4)'• 2))'(6.0D0" EL( 4)" 2°(F.L( 4) .. 2 

S -X4"2) - 8.0D0'EL(4>'(EL(4) .. 3-X4"3) • 3.0D0'(l:l.(4)"'4-X4 .. 4)) 
F(S,5) = ( • XLOADl(2.0D0'EL(S)"•J))'(2.0D0'EL(5)"'3•(El.(5)-X5) 

S -2.0D0'El.(5)"(EL(5)"3-X5"3) -+ (EL(S)'•4 · xs••4» 
F(2,S) = XLOAD•(EL(S) ·XS)· F(5,5) 
F(J,5) = (XI.OAD,( I 2.0D0'H{5)'' 2))'(4.0D0'EL(S)°(EL(5)"3-XS"3) 

S -3.0D0'(EL(5)"4 • X 5"4)) 
F(6,5) = ( ·XLOAD (12.0D0'EL(5)"2))'(6.0D0•H.(5)'•2°(El~5!°2 

S ,X5"2)-8.0D0"EL(S)'(EI..( 5)" 3-XS'·3) + 3.000'( EL( 5J'•4-x5••4n 

IF (XTD.LT.EL(S)) TIIF.N 
IF (ISlJPC.EO.I) TIIEN 

Q( I) = -F(2,2) 
0( S) = -F( 5,2) · F( 2,4) 
Q(6) = -F(6,2). F(3,4) 
Q( 17) • -F(S,4) - F(2.5) 
Q( IS) = -F(6,4) • F(3,5) 
0(23) = -F(S,5) 
Q{24) = ,f(6,5) 

ELSE 
0(1) = -F{2,2) 
0! 7) = -f( 5,2) . F( 2.4) 
Q(Rl = -F{6.2) - F(J.4) 
0( 19) = -F(S,4) · F(2,5) 
()(20) = -F(6,4) • F(l,5) 
Q(25) = -F(S.S) 
Q(26) = -F(6,5) 

END IF 
El.SE IF (XTD.LT.(EL(4) • El..(5))) TIIEN 

IF (IStJPC.EQ.I) TIIEN 
0(1) = -F(2,2) 
Q(S) = -f(5,2) • F(2,4) 
0(6) = -F(6,2). F(3,4) 
0(17) = -F(S,4) 
Q( 18) = -F(6,4) 

ELSE 
Q( I) = -F(2,2) 
Q(7) = -F(S,2) • F(2,4) 
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0(8) = -F(6,2) · F(3,4) 
0(19) = -F(S,4) 
()\20) = -F(6,4) 

El',;() IF 
ELSE 

IF (ISl.iPC.F.Q.I) TIIF.N 
Q<I) = -F( 2,2) 
()(5) = -F(S,2) 
()(h) = -F(6,2) 

F.I.SE 
1)(1) = -F(2.:) 
0(7) = -f(S,2) 
Q(li) = -F(6,2) 

E'-iD IF 
F.'-iD IF 

E'-iO IF 
C 
C FOR STACK St.:Pl'ORT CONDrrlOI',;: 
C 

IF (ISTAC.EQ.I) ·1 IIEN 
F(2.ll) = XJ.OAD•EL(21)/2.0D0 
F(S.21)= F(2.21) 
ro.m = XI.OAD·(El.(21) .. 2)/12.0D0 
1'(6,21) = -F(~.21) 
DO :0 K = 1.'<EQ 

(J(K) = 0.0000 
20 COSTINCE 

IF ('-iBLK.FQ.4) TIIEN 
Q(I) = -1-(2.2) 
Q(I0) = -F{S.2) · F(2,21) 
0( 11) = -F(6,2) • 1-(3,21) 
GO'IO 30 

END IF 
IF (!',/DLK.FQ.6) TJIE!',1 

IF (!\;llLKPS.EQ.3) TIIEN 
Q(I) = -1·(2.l) 
Q( 10) = -F(S.2) · F(2.21) 
Q( 11) = -F\6,2) · F(3,21) 

END IF 
GOTO 30 

END IF 
Q(R) = -F(S,2) · Ff2.21) 
Q(Q) = -F(6,2) • F(3,21) 

30 CO'-iTJ:-.UE 
END IF 

C 
C 
C "2",f(2.2).F(3,2).F(S,2).F(6,2) 
C ·4·,F(2,4),F(3,4),F(S.4),F(6,4) 
C 'S',F(2,S),1'(3,5).F(5,5),F(6,S) 
C '21',F(2,21).F(3,21),F(S,21),F{6,2I) 

C 

RETl.:RN 
F.'-iD 

SL' llROUTINF. Lll\E 

St.:BROUTll\E LlNE(CL,SL.LTYPE,El.,X-rD,PWIDTH,F.Q,ISUPC.Pl,P2) 
DOUBLE PRECISION 

C TlllS ROUTISE CALCULATES THE FIXED END FORCES FOR Tiff. LINE LOAD CASE. 
C \IAX. "OF u-.:1: XLOADS IS 3 · I'< ALL CASES TIIEY ARE CONSIDERED TO l!F. 
C SY\IMETRICALL Y Pl.ACED ABOCT THE CE!',/lER LINE. THE SECOND LOAD CAN ONLY 
C BF. PLACED Al.ONG HIE SPAN OF ME\IBER 2. 
C THE EQUIVALEl\T JOINT FORCE VECTOR IS ALSO CALCULATED. 
C 

C 

X = (.SD• 0"PWIDTII) - XTO 
IF (I.TYPE.EQ.3) THEN 

Pl =0.00 •0 
P2 = CL,2 
Q(I) = -P2 

El.SE IF (LTYPE.EQ.4) THEN 
Pl = SL 
Pl = 0.00 + 0 

ELSE 
Pl= SL 
P2 = CL/2 

END IF 

F(2,2) • (PI/EL(2)°3)°(EL(2)·X) 00 2°(EL(2) +(2.00 + 0°X)) 
F(3,2) • Pl 0 X 0 ((EL(2)-X)/EL(2))" 0 2 
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C 

F(S,2) = PI 0 (X 00 2)°(3.00 • 0°EL(2)-2.00 + 0°X);(EL{2) .. 3) 
F(6,2) = -Pl 0 (EL(2)-X)"(X/EL{2)) .. 2 

IF (LTYPF..EQ.4.0R.LTYPE.EQ.5) THEN 
IF (ISUPC.EQ.I) THEN 

Q( J) = -F(2,2) 
0(5) = -F(S.2) 
0(6) = -F(6,2) 

ELSE 
Q( Jl = -F(2.2) 
<)( 7) = -F( 5,2) 
Q(&l = -F(6,2) 

ENDIF 
IF (LTYPE.EQ.5) TIIES 

IF (ISIJPC.fQ.J) THEN 
Q(I) = -F(2,2) · P2 

ELSE 
Q(I) = -F(2,2) · P2 

E:--D IF 
END IF 

E:--;D IF 
C WRITE(6,") '2',F(2.2),F(3.2),F(5,2),F(6.2) 
C WRITl:(6.") '4',F(2,4),F(3,4),F(5,4J,F(6,4) 
C WRITE(6.") '5',F(2,5),F(3,S).F(5,5),F(6,5) 

REJ'l!RN 
END 

~IU.E\1S 

St.: UROUTI NE \I EU \IS((;J\ ~13,GA \14,GAM 5,GJ\M6,XMOE,EI.A,EL,CI, 
S C2,N,U.W,T,NDLK,NDLKPS) 
()Ot.:ULE PR l'CISION G( 7),El.('),EI(' ),J\('),Cl(').C2( 0 ), W( 0 ),T( 0 ) 

S ,X~10E('),GM,l 3,GJ\\14,GAM5,GAM6 
C 
C FOR ELEMENT N, C0\1PL TE TIIE GLOBAL COEFFICIENTS G(I) · G(7): 
C 

C 

DO JOJ = 1,7 
G(J) = O.OD + 0 

10 CONTINt.:E 

IF (N.EQ.J6) THEN 
G(J) = 10.01) + 06 
G(J) = JO.OD+ 06 
G(6) = GA~l3 
G(7) = -GAM3 

El.SE IF (N.F.Q.6.0R.N.EQ.7) THEN 
IF (:-1.EQ.6) THEN 

G( J) = 0.00000 
G( 3) = O.OODOO 
G(6) = GAM3 
G(7) = -GAM3 

ELSE 
G(3) = GAM4 

END IF 
El.SE IF (N.EQ.8.0R.N.EQ.14) THEN 

IF(1'.F.Q.J4) l'IIEN 
G(I) = JO.OD• 06 
G(3) = GAMS 

El.SE 
G(3) = GAM6 

END IF 
ELSE 

ALPHA = (XMOE(N) • F.l(N))1EL{?',;) .. 3 
H = (A(N) • EL(N}"2)fl(N) 
G(I) = AI.PIIA'((B"CJ(:--;)"2) + (l2.0D0°C2(N) .. 2)) 
G(2) = ALl'IIA'CJ(:--;)'C(N)'(D-12.0DO) 
G(3) = ALPIIA'((B'G(N)"2) • (J2.0D0°Cl(N)°2)) 
G(4) = -ALPHA '6.0DO'El.(N)'G(N) 
G(S) = AI.PHA 0 6.0l)O"El.(N)'Cl(N) 
G(6) = Al.PIIA 0 4.0DO'El.(N)""2 
G(7) = ALPHA 0 2.0DO'EL(N) .. 2 

END IF 
C 
C 

RETURN 
END ....................................................................... 

ASSEMS ....................................................................... 
SUBROUTINE ASSEMS(MCODE,N,MBD,SS,G,MXNEQ) 
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INTEGER MCODE(6,•),INDEX(6,6) 
C DIMENSION SS(MXNEQ,\IXNE<)),G(7) 

DOUBLE PRECISION SS(I00,100),u(,) 
C 
C 11':ITIALISE INDEX: ASSIGS STIFFSESS COHFICIENTS,G(L), OF ELEMENT N 
C 1r-;·1O TIIE SYSTEM STIFFSFSS UA:S:D MATRIX, SS, UY INDEX A:"iD MCODE. 
C 

DATA INDEX/1,2,4,•I ,·2,4.1,3, 5,-2,•3,5,4,5,6,-4,.,, 7,. J ,-2 
S ,•4, l,2,•4,•2,·3,-5,2,3,•5,4,5, 7,•4,•5,6/ 
DO 20JE = 1,6 

J MCODE(JF.,N) 
IF (J.Nf..0) fllEN 

DO 10 IE = l,JF. 
I = MCODE(IE,N) 
IF (I.NE.OJ 1 IIEN 

K = I .J + M 01) + 

I. = INDEX((l'.JF.) 
IF (l..<iT.0) THEN 

SS(K,J) = SS(K,J) + G(I.) 
El.SF. 

SS(K,J) = SS(K,J) · G(·L) 
END IF 

F.>s:D IF 
10 CONTINLE 

F.ND IF 
20 COSTl!\lJE 

RETLRN 
!'ND ........................................................................ 

SOI.VE 

C 
SliUROUTINE SOLVE(SS,Q, -.;EQ,M IJD,MX1':EQ) 

C 
C TIIIS Sl;DROl!Tl:-OE CAI.LS Sl'llFA AND SPDSL l'OR TIIE FIRST XI OAD 
C CONDITION, LC I. FOR Sl:DSE()liENT XLOAD CONOITIO!'sS, LC GREATER 
C TIIAN I, Ir CALLS SPBSL. 
C 

DOl;BLE PRKISION SS(l00,100),Q(•) 
C DI\IENSIOr-. SS(\IXNl:Q,\tXM:Q),Q(•) 
C IF (LC.E().l)TIIEN 

CALL SPBFA(SS,\IXNEQ,NEQ,MDD,INFO) 
IF (ISFO.NE.0)TIIE:-. 

PRl:-.T •, SINGULARITY .. .' 
STOP 

ESDIF 
C E:S.D IF 

CALL SPDSl.(SS,MXNEQ,:-.EQ,MDD,Q) 
RETl!RN 
END 

C TIIIS IS THE UNPACK SOLUTION ALGORITIIM wrrn COMMENTS. c ................................................................ . 
SUBROUTINE SPOFA(ABD,LDA,N,M,INFO) 
INTEGER I.DA,N,\1,INFO 
DO1:BLE PRECISION ABD(IOO,•) 

C REAL AIID(LDA,") 
C 
C SPOFA FACH>RS A REAL SYMMETRIC POSITIVE DEFINITE 
C MATRIX STORED IN IIAND FORM. 
C 
C SPIJFA IS USUALLY CALLED DY SPIJCO, BUT IT CAN DE CAI.HD 
C DIRECfLY wrrn A SAV(!',;(j IN TI\IE IF RCOND IS NOT NEEDED. 
C 
C ON E:-.TRY 
C 
C AIID REAL(I.DA, !'I) 
C TIIE \IA I RIX ro BF. FACJ'ORED. TIIF. COLUM!'IS OF Till: UPPER 
C TRIA:'l.'GLF. ARE SIORED IN TIIF. COLC\1NS 01' ADD AND THE 
C DIAGOl'-ALS OF THE UPPER TRIANGLE ARE STORED IN TIIE 
C ROWS OF ADD. SEE TIIE COM\IENJ'S BELOW FOR DETAILS. 
C 
C LOA INTF.GER 
C TIIE LEADING DIMENSION OF TIIE ARRAY ABO. 
C LOA MUST BE .GE. M + I. 
C 
C N INTEGER 
C THE ORDER OF THE MATRIX A, 
C 
C M INTEGER 
C THE NUMBER OF DIAGONALS ABOVE THE MAIN DIAGONAL. 
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C 0 .LF.. M .LT. N . 
C 
C ON RETURN 
C 
C ADD AN UPPER TRIANGULAR MATRIX R, STORED IN BAND 
C FOR\f, SO THAT A = TRANS(R)°R. 
C 
C INFO l:\TF.GF.R 
C = 0 l·OR 'iOR:VIAL RETURN. 
C = K IF TIIE LEADISG MINOR OF ORDER K IS NOT 
C POSITIVE DF.Fl:\I l"E. 
C 
C DAND STORAGE 
C 
C IF A IS A SYMMHRIC POSITIVE DEFl',ITE BAND MATRIX, 
C TIIF. FOLLOIWING PROGRAM SEGME:--;T WILL SH UP TIIE 11'PUT. 
C 
C M (BAND WIDTH ABOVE DIAGONAL) 
C DO 20 J = I. N 
C II MAXO(I, J.\I) 
C DO IO I = 11, J 
C K " l·J. :vi• I 
C ABD(K,J) = A(l,J) 
C 10 CO:Sll',liE 
C 20 CO!'sTINUE 
C 
C UNPACK. TIIIS VERSION DATED 08114.178. 
C CLEVE MOLER, UNIVERSITY OF NEW MEXICO, ARGONNE NATIONAL LAB. 
C 
C St:llROt:TINES AND FUNCTIOl\S 
C 
C Ill.AS SOOT 
C FORTRAN MAX0,SQRT 
C 
C INTERSAL VARIABLES 
C 

DOl'.DLl' PRECISION SDOT,T 
DOUBLE PRECISIONS 
INTEGER IK,J,JK.K.:V1U 

C BEGIN BLOCK Willi ... EXITS TO 40 
C 
C 

DO 30 J 3 I, N 
INFO = J 
S 0.0D •O 
IK = M • I 
JK MAXO(J.M,I) 
MU 3 MAXO(\f • 2•J,I) 
IF (M .LT. \Ill) GO TO 20 
DO 10 K • \fl!, M 

T 3 ABD(K.J) · SDOT(K•MU,ABD(IKJK),l,ADD(MUJ),I) 
T T,'AIID(M + J,JK) 
ABD(K,J) = T 
S 3 S + T"T 
IK • IK · I 
JK = JK • I 

JO co:--;TIM!E 
20 CONTINlJE 

S "ADD(M + 1,J) • S 
C .•.••. F.Xlf 

IF (S .LE. 0.0D + 0) GO TO 40 
AIJD(\I + l,J) 3 SQRT(S) 

30 co:--.:Tl',UE 
INH> = 0 

40 CONTINUE 
RHliRN 
E1'D 

C·················-····················-····-········ 
SUBROUTINE SPDSL(ADD,LDA,N,M,D) 
INTEGER l.l)A,N,\f 
DOUBLE PRECISION ABD(I00,-),0(•) 

C REAL 
C 
C SPBSL SOLVES THE REAL SYMMETRIC rosmvE DEFINITE 
C BAND SYSTEM A'X 3 B 
C USING THE FACTORS COMPUTED BY SPBCO OR SPBFA. 
C 
C ON EJl,'TRY 
C 
C ADD REAL(LDA, N) 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

TIIE OUTPL'T FROM SPBCO OR SPBFA. 

LDA ll'.J"EGER 
TIIE LEADING DIMENSION OF THE ARRAY ABO. 

N INTEGER 
TIIE ORDER OF TIIE \IATRIX A . 

M l!'-TEGER 
TIIE NUMUER OF DIAGONALS ABOVE THE MAIN DIAGONAL. 

B RFAL(N) 
TIIE RIGIIT IIAND SIDE VECTOR. 

ON RETURN 

B TIIE SOLUTION VECTOR X . 

ERROR CONDITION 

A DIVISION BY ZERO Wll.l OCCl!R IF TIIE INPUT FACr<JR COl'.TAINS 
A ZERO ON THE DIA<iOSAL. 1 ECHl\lCAI.LY THIS li'<DICATFS 
Sl:S:GUI.ARITY BUT IT IS t:<;t!AI.LY CAt:SF.D IIY IMPROPER SlJBROl:TINE 
ARl,l'\IENTS. rr WILL !'-01 ocn;R IF TIIE Sl!DROUTINES ARE CALLED 
CORRECTLY AND INFO .EQ. 0. 

TO CO\1PlJTE INVERSl'(A) • C WHERE C IS A MATRIX 
wn11 P Ull.UMNS 

CAI.I. SPllCO(ADD.LDA.~,RCO',D,Z.INFO) 
II' (RCO',I) IS 100 SMAI l .OR. INFO .NE. 0) GO TO ... 
DO 10 J - I, P 

CALL SPBSl~ADD,LDA,N,C(l,J)) 
10 COlsllNU E 

l.l'sl'ACK. THIS VERSION DATED 08i14/78. 
CU:Vl "1O1.ER, USIVERSITY OF SEW Mr:xrco, ARGONNE :-.IATIO~Al. LAB. 

SUDROL:TINES AND FUNCrlONS 

Bl.AS SAX PY .SDOT 
FORTRA:-. Mr:-;o 

!STERNAL VARIABLES 

DOUBLE PRECISIO:-.1 SDOT,T 
INTEGER K,KD,LA,LB,L\I 

C SOLVE TRANS(R)"Y = 8 
C 

DO 10 K = I, N 
l.M = Mll',;O(K-1,\1) 
1.,\ = M • I· LM 
LO K • l.M 
T SDOl(L\1,AOD(LA,K).l,ll(LD),I) 
ll(K) = (ll(K) • T)1ABD(\I • l,K) 

10 CONTINCE 
C 
C SOLVE R•X = Y 
C 

DO 20 KB z I, N 
K D N • I • KB 
L\1 = MINO(K-1,M) 
LA = M • I· LM 
Lil = K - L\I 
D(K) = ll(K)iADD(\1 • l,K) 
1 ° -lllK) 
CA l.L SAXPY(LM,T,AIJD(l.A,K), l,ll(l.0),1) 

20 cos·1 l!'lt:E 
RETlJRN 
END 

C-·················-----······-········ 
SUBROUTl:--.E SAXPY(N,SA,SX,INCX,SY,INCY) 

C 
C CONSTANT TIMES A VECTOR Pl.t:s A VECTOR. 
C USES L:!'-ROLLED LOOPS FOR INCREMENTS EQUAL TO O1'E. 
C JACK DONGARRA, LIN PACK, 3/11/78. 
C 

DOUBLE PRECISION sxc•),SY(•),SA 
INTEGER 1,INCX,INCY,IX,IY,M,MPl,N 

C 

ISO 



C 

IF(KLE.0)RETUR:,l 
IF (SA .EQ. 0.0D + 0) RETURN 
ll'(INCX.EQ.1.AND.INCY.EQ.l)GO TO 20 

C CODE FOR UNEQUAL 11'CREMENTS OR EQUAL INCREMENTS 
C !'iOT EQUAL TO I 
C 

IX = I 
IY = 1 
ll·(ISCX.LT.0lfX = (-N+ l)°l:S:CX + 
IF(IV:Y.LT.0)IY = (•N + l)"J:,.;cy + 
DO 10 I = l,N 

SY(IY) = SY(IY) + SA•SX(IX) 
IX = IX • 11\CX 
IY IY • 1:-SCY 

10 UlSTISlJE 
RETURN 

C 
C CODE FOR BOTH INCREMFSTS EQUAL TO I 
C 
C 
C CLEAN-UP LOOP 
C 

20 M = MOD(N,4) 
IF( \I .FQ. 0 ) GO TO 40 
1)0301 = I.M 

SY()) = SY(l) + SA•SX(I) 
30 co:-,; rl!'-ilJE 

IF( N .LT. 4) RETURN 
40 \1PI = \I • I 

DO 50 I = \IPI.N,4 
SY(I) = SY(I) • SA•SX(I) 
SY(( + I) = SY(I + I) + sA·sx(I • I) 
SY(I + 2) = SY(I + 2) • SA ·sxn • 2) 
SY(I • }) = SY(( + 3) • SA ·sx(I + 3) 

so co,TJ'sUE 
RETURN 
E!'sD 

C-························································ 
DOUBLE PRECISION FUNCTIO:--1 SDOT(N.SX,INCX,SY,INCY) 

C 
C FOR',.IS HIE DOT PRODLCT OF TWO VECTORS. 
C L'SES l'NROLI.ED LOOPS FOR INCREMENTS EQUAL TO ONE. 
C JACK DONGARRA, Ll:-SPACK, 3.:1 I :78. 
C 

DOCBI.E PRECISION SX(•),SY(•),S l'l'MP 
11'TEGER l,INCX,INCY,IX.IY,M,\IPl,N 

C 

C 

SDOT 0.0D • 0 
STEMP = 0.0D • 0 
IF(N.LE.0)RETlJ RN 
IF(lf';CX.EQ.1.A:-SD.INCY.EQ.l)GO TO 20 

C CODE FOR UNEQUAL INCRE\tENTS OR EQUAL 11'CREMENTS 
C :-SOT EQUAL TO I 
C 

C 

IX= I 
IY = I 
IF(ISCX.LT.0)IX = (-N + l)"l'<CX + 
IHINCY.LT.0)IY • (•N + l)•JNCY + 
DO 10 I = l,N 

STE\tP = STEMP + SX(IX)"SY(IY) 
IX = IX + INCX 
IY " IY + INCY 

10 CO'\Tl:--.1..:E 
SDOT = STE\tP 
REIL'RN 

C CODE FOR BOTH INCRE\tE?sTS EQUAL TO I 
C 
C 
C CLEAN-UP LOOP 
C 

20 M = \10D(N.5) 
IF( M .EQ. 0) GO TO 40 
DO 30 I = l,M 

STEMP = STEMP + SX(l)•SY(I) 
30CONTINUE 

IF( N .LT. S) GO TO 60 
40 MPI = M + I 
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C 

DO 50 I = MPl,N,5 
STEMP = STEMP + SX(l) 0 SY(I) + SX!I + l)"SY(I + I) + 

• SX(I + 2)"SY(I + 2) + SX(I + J)"SY(I + 3) + SX(I + 4)"SY(I + 4) 
SO CO"ITINUE 
60 SDOT = STEMP 

REH;RN 
p.,;I) 

MF.LEMF 

SUBROUTINE MEI.E\1F(\1CODE,Q.Cl,C2,XMOE,l,EL,A,F,FL,DL,El,ALPIIA,BETA, 
S FI.O,Y\IAX,:'liE,\lt:-.:C.DISPL,MEM,Jn 
l:S.THiER \ICODl:(6, 0 ), MINC(2.") 
DOliHI.E PRl:CISIO'l ()( 0 ),El( 0 ),El.( 0 ),Dl.(6),Cl( 0 ),C2( 0 ),XMOE( 0 ),D(6), 

S DISPL(3, 0 ),A(0 ).FL(6, 0 ),F(6, 0 ),A LPI IA("J,BET A("),FLO(6), Y, Y MAX 

C CO\1Pl'TES TIIE LOCAi. FORCES OF ELEMENT I, I.F(6,l);DF.TERMINES TIIE GLOBAL 
C El.EM ENT DISPLACEMF.1'. IS, 1)(6), FROM TIIE JOINT DISPI.ACE\1ENT VECfOR, Q, 
C VIA TIIE \!CODE; COMPliTES TIIE LOCAL FORCES AT TIIE A-E:-SD OF ELEME:S.T I 
C ASD TIIF.N TIIE B-END BY F.Ql:ILIBRIUM. 
C 

C 

C 

DO 10 L = 1,6 
K MCODE(l,,I) 
IF (K.NE.0) ·1 IIEN 

D(I.) = Q(K) 
H.SE 

D(L) = 0.0D +O 
ENDIF 

10 co-.;n;-.;1..:E 
DISl'l.(1,\11:S.C(l,I)) = D(I) 
l>ISl'l..(2.MISC(l,IJ) = D(l) 
DISPl.(\\ll"IC(I.I)) = DO) 
DISPL(I.Ml:-.:C(2,I}) = D(4) 
DISl'l.(l.\ll:-,;q2,l)J = D( S) 
DISPL(3,\IINC(2,I)) = D(6) 

Y = ABS(D(2)) 
IF (Y.<iT.Y\IAX) THEN 

YMAX = Y 
\1E\I = I 
JT = MINC(l,I) 

E;-.;DIF 

C WRITl:(6.") l,'A-E1'D·,D(l).D(2l.D0) 
C WRITE(6.") I, B-END.,D(4),D(5),D(6) 
C 

C 

C 

C 

Dl.(1) = Cl(l) 0 D(I) + C2(1)"D(2) 
Dl.(2) = -C2(1)0 D( I) + Cl(l) 0 D(2) 
DL<3) = D(3) 
Dl.(4) = Cl(l)"l>(4) -. C2(1)"D(;) 
DI (5) = -G(l) 0 D(4) + Cl(l)"D(5) 
DL(6) = D(6) 

ALPHA(() = (X\IOF.(IJ • El{IJJ El.(1) .. 3 
BETA(I) (A(I) • EL(l) .. 2).El(I) 

Fl.O(1) • ALPIIA(l)"BETA(l)•(Dl,(I\ - DL(4)) 
Fl.O(ll E ALl'IIA(ll°( 12.oDo·(DL(ll-Dl.(5)) • 6.ooo·EI-<IJ"<Dl.(3) .. D1.(6))) 
FLO())= ALPIIA(l)°(6.0IJ0'EL(l)"(DL(2)-DL(S)) + 2.0D0.EL(IJ"2° 

S (2.0D0'D1.(3) + DL(6))) 
Fl.O(4) • -FLO(I) 
Fl.0\5) = -FL0(2) 
FLO(6) = (FLO(2)"EL(I)) · FL0(3) 

Fl(l,I) = F(l,I) + Fl.O(1) 
Fl.(2,1) = F(2.J) + 1-1.0(2) 
Fl.(3,1) = F.(3,1) • Fl.O('.\) 
fl.(4,1) = F(4.I) • Fl.O(1) 
FL(5,I) = l'(S,I) • FL0(2) 
FL(6,I) F.(6.1) + (FL0(2)'EL(l))-FlO(3) 

C WRITE(6.") Fl(I.I) 
C WRITE(6.") FL(2,I) 
C WRITE(6,') Fl.(3,1) 
C WRITE(6,') FL(4,I) 
C WRITE(6,') Fl.(5,1) 
C WRITE(6.") Fl.,(6,1) 
C 

RETURN 
END ........................................................................ 
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MSTRES 

C 
C CALCULATES TIIE \!EMBER STRESSES FOR ALL ELE'\1E~7S OTIIER TIIAN SPRING 
C AND ULOCK ME:'v!UF.RS. ALSO, CHECKS UE~WING STRESS IN MEMUER 2. 
C 

SU UROUTINE MSTRF.S(X2,l,LTYPF..X LOA D,FL,A,S.ISl; PC.DL,A LPHA,UET A,ST, 
S STA.STB.FI.O,EL,XMOE,El,CL.SL,Pl,P2,PWIDTll,XTD, 

YS,STMAX,NE) 
DOUBLE PR l:CISION FL(6, "),FlO(6).,\( 0 ),S("),DL("),ALPll,\(").BET/\( 0 ) 

S ,ST/"J,STA("),STll("),Fl.("J,El(').X\IOE("),XLOAD.X2,CL,SL 
S ,Pl ,P2,PWIDTll,X ID,XLOC,STMAX,XMEMD,YS,XMAX,XUMAX 

C 
C MEMUER 2:- BENDING STRESS: 
C 

If' (l.l'<).2) TIIEN 
If (I.TYPE.EQ.1.OR.LTYPE.EQ.2) TIIEN 

X\IAX X2 + (Fl..(5,2),XI.OAD) 
Xll\lAX = -Fl.(6,2) • Fl.(5,2)"((X\fAX + X2)/2.0D0) 
ST(2) = (ABS(FL(l,2)1A(2))) + (ABS(XDMAXt-,(2))) 

ELSE IF (LTYPF.EQ.3) TIIEN 
X\f,\X = 0.0000 
XII\IAX = P2"EL(2)12.0IJ0 
Sl(2) = (ABS(FL(l,2)/A(2))) + (ABS(XDMAX,S(2))) 

HSI: 
X\fAX = (0.S"PWIDTII). XTD 
XB\-IAX -Fl.(3.2) + (FL(2.2)"X:0.1AX) 
ST(2) (AUS(FL( 1,2//,\(2))) t (AllS(Xll\fAX,S(2))) 

P,D IF 
C WRITE(6, 0 ) Dl'NDIMi s·1 RESS IN 2 = ·,ST(2) 

IF (ST(2).c;l .ST\fAX) THEN 
ST.\fAX " ST(2) 
XLOC = XMAX 
X\11'.\IB = 2 

END IF 
END IF 

C 

C 

IF (I.EQ.2.0R. I. F.Q. J.OR.I. EQ.4.OR.I.EQ. 5.OR.I.EQ.15.OR.I.EQ. I 7 
S .OR.I.F.Q.18.OR.I.F.Q.19.OR.1.EQ.20) THEN 

C ME\1BF.R 3:- WHEN SUPPORT IS UNDER THE BOTTOM D.8 
C (I.E ,,smE BLOCK) 
C 

C 

IF (I.EQ.3.AND.ISL'PC.EQ.I) TIIEN 
FLO( I) = ALPIIA(3)"1ll:TA(3)"(-DL(4)) 
Fl.0(2) = ( 12.0D0" ALPIIA( J)"Dl.(ll) + (6.0D0• ALPHA(3) 0 EL(3)0 Dl~6)) 
FLO(3) (6.!lD0"ALPIIA(3)"El~3)"DL(2)) • ((XMOE(3)"4.0D0"El(3)) 

S 'EL(3))'Dl,{6) 
FL0(6) = -FLO(3) 

END If' 

STA()) x (ABS(FI.O(l)IA(I))) + (ABS{Fl.0(3),S(I))) 
STll(I) = (ABS(l·l.O(1),A(l)l) + (ABS(I-L0(6)iS(I))) 
WR II Ei 6,") I sr A( I )Sri)( I) 
IF (SlA(l).GT.S f\1AX) THEN 

STMAX = STA(I) 
XMAX = 0.0DOO 
XME\IB = I 

EtsD IF 
IF (STIJ(l).GT.STMAX) THEN 

ST\1AX STIJ(I) 
XMAX = EL(I) 
X\fE\18 = I 

END IF 
END IF 
IF /1.l'Q.'-El THEN 

\\ RITF(6,") 
WRII L(6.") 'MAX. BENDING STRESS = ',STMAX 
WRITE(o.") 'IN MEMBER tf,XMEMB 
WRITE(6.") 'AT (IN)',XLOC 

E:--.D IF 
RETURN 
END 
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Appendix C: 

Subroutines for Stack condition 
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........................................................................ 
STACKJ ··········•·······················•··································••· C THIS SUBROUTl1'E MODIFIES THE JCODE FOR THE STRUCTURE TO ACCOUNT FOR 

C A STACKED CONDITION 
C 

C 

SUBROlJTl!',;E STACKJ(JN,NTD,JCODE,NBLK,:-.RLKPS) 
INTEGER JCODE(6,-),JN(•) 

DO 20 J = (JN(NTD) + 13),(JN(NTD) + 23) 
DO 10 L = 1.6 

JCODE(L,J) = 0 
10 CO!\TINt;E 
20 CONTl!\UE 

DO 30 L = 1,6 
JCODE(l.,JN(NTD)+ 26) = 0 

30 CONTl:SCE 
IF (:\DLK .EQ.8.OR.NBLK.EQ.9) TIIEN 

DO 50 J = (JN(lsTD) + 2),(JN(NTD) + 11) 
DO 40 L = 1,6 

JCODF(l.,I) = 0 
JCODl'(L,3) = 0 
II' (NBLK.EQ.9) THEN 

JCODl'(L,2) = 0 
JCODE(L,4) = 0 

END IF 
JCODE(I..JN(NTD) + 27) = 0 
JCODE(L,J) = 0 

40 co:s:TI:-.UE 
50 C:OSTINllF 

El.SF. IF r:-.-nLK.EQ.6) THEN 
IF r:-.-BLKPS.EQ.2) THEN 

DO SO J = (JN(NTD) + 2),(JN(N1D) + 11) 
DO 70 L = 1,6 

JCODE(L,JN(NTD) + 27) = 0 
JCODE(L,J) = 0 

70 CO!\Tll'.UE 
80 CONTINLlE 

E:'>D IF 
END IF 
RETl:RN 
END ........................................................................ 

STACKL 

C 
C THIS SlJBROUINE CALCULATES THE FIXED END FORCES FOR THE BOTTOM 
C DECKBOARDS (WHERE PRESENn IN THE STACK CONDITION. THESE DECKBOARDS 
C ARE IDENTIFIED BY THE FLAG· 'ISL'. 
C 

C 

C 

SUBROUTINE STACKl.(ISL,W,EL,XLOAD,WL,'.\1N,F,Q,XTD,XPWIDT,BLKW,NE, 
S :--BLK,NBI.KPS.NTD) 
DOUBLE PRECISION EL(•),Xl.OAD,WW),F(l2, •),Q(•),XTD,XPWIDT,DA,DB 

S ,BLKW(2),W(") 
11'\TEGER ISL(•),MN(•) 

DA% XTD 
DB = (0.;oo•xrwmn ·DA· (0.5D0"BLKW(I)) 
WRITF.(6!) 'DA= ',DA,' DB= ',DB 
YI= Dll-DA 
Y2 z DB .. 2 - DA .. 2 
Y3 = DU-0 3 · DA .. 3 
Y4 = DB""4 - DA .. 4 
AREAB = 0.0D00 

DO 10 I - I.NE 
IF (ISL(l).EQ.I) THEN 

AREAB = AREAB + (W(l)'EL(I)) 
END IF 

10 CONTINL'E 
IF (ISl.(4).EQ.l) THEN 

WL(4l = (XU>AD•W(4)):AREAB 
WRITE(6,") 'LOAD =',\\'L(4) 
F(2,4) = ( + Wl.(4):(2.0D0·El.(4) .. 3))'(2.0D0·EL(4) .. 3·Y1-2.0Do•EL(4) 

S •y3 + Y4) 
F(6,4) = ( + WL(4)/( 12.000• El.(4}°2)) 0 (6.0D0·EL( w·2·v2 

S -8.0D0•EL.(4)"Y3 + 3.0D0•Y4) 
F(K,4) = ( + WL(4);(2.0D0•El.(4)° 3))'(2.0D0•EL(4J•YJ • Y4) 
F(l2,4) = (-WL(4).'(12.0D0•El.(4)"2))'(4.0D0•El.(4)'Y3 • 3.0D0"Y4) 
WRITE(6!) '4',(F(N,4),N = 1,12) 
IF (!\BLK.EQ.8.0R.NDLK.EQ.9) THEN 

IF (NBLK.EQ.8) THEN 
Q(l) = -F(8,4) 

El'\D IF 
ELSE IF (NBLK.EQ.6.AND.NBLKPS.EQ.3) THEN 

Q(3) m -F(S,4) 
ELSE 
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Q(6) = -F(2.4) 
Q(8) = -F(o,4) 
<)(Q) = -F(R,4) 

E:--.:D IF 
E:--.:D IF 
IF (NBI.K.H).8.OR.NllLK.EQ.9) TIIEN 

IF (SBLK.EQ.9) TIIEN 
K = 15 

FLSE 
K = 19 

E!',jD IF 
El.SE IF (NBLK.EQ.6.AND.NllLKPS.EQ.3) THEN 
K = 19 

ELSE 
K 25 

ENDIF 
DO 20 I = U1N(NTD)-6,8 

IF (I.M:.4) lllEN 
II' (ISL(l).EQ.I) TIIEN 

WI.(() = (XLOAD"W(l))/AREAB 
WRITE(6,") LOAD =',WI.Al) 
1'(2,1) = ( + Wl.(1)(2.0D0"El,(1)""3))"(2.0D0"EL(l)" 0 3°Yl-2.0D0 

S "EL(l)"Y3 • Y4) 
F(6.I) = ( • WL(l)'(l2.0D0"H(l)""2)) 0 (6.0D0"El.(1)""2"Y2 

-8.0D0" EI.I l)"Y 3 • 3.0D0" Y $) 
1'(8,1) = ( • \\'l.(l),(2.0D0"El.(l)""i))"(2.0D0"EL(l)"Y3-Y4) 
F( 12,1) = (-Wl.(IH 12.0D0" EL(()"" 2))"(4.0D0"EL(I) 

S •y3 - 3.0D0"Y4) 
WRITE(f,,") l,(F(N,l),N = 1,12) 
Q(K + 8) -1'(2,I) 
Q(K + 10) = -1'{6,I) 
Q\K + 14) = -F(K,I) 

E:--D IF 
K=K+30 

F.ND IF 
20 CON'f I NU E 

I= \1N(NTl))•21 
IF (ISl.(l).EQ.I) THEN 

WL(I\ = (XI.Ot\D"W(l));AREAB 
WRIIE(6.') 'LOAD =',Wl.(I) 
F(2,I) = (•WI.(() (2.0D0"El.(1)"·3)).(2.0D0·EL(l)""3°Yl-2.0D0 

S "Fl.(l)"YJ • Y4J 
F(6,I) = (•WI,(() (12.0D0"El.(1) 0 •2))"(6.0D0"EL(f)••rv2 s -s.ono"F.Lll)"n • 3.ono·Y4J 
F(8,I) = ( + Wl,(I) (2.0D0"EL(l)""1))"(2.0D0•Et.(l)•Y3.y4) 
F(l2,I) = (-WL(I) ( 12.0D0"H(fJ••2))"(4.0D0•E[,(I) s ·n - 1.ono•y 4) 
WRITF(6,") l,!F('-1,1),N = 1.12) 
IF (NBLK.EQ.4) THEN 

Q(213) = -F(R,I) 
END IF 
IF (NBLK.EQ.6.At,,;D.NBLKPS.EQ.3) TIIEN 

0(21 J) = -F(8,I) 
E'\D IF 

ENDIF 
RErllRN 
F.?'-.D ........................................................................ 

STACKD 

C TIIIS SL'BROL'TINE CALCULATES TIIE MAXIMUM DEFLECTION IN TIIE TOP 
C Sl RINGERIJOARDS FOR THE STACKED MODE 
C 

C 

Sl:BROUTINE STACKD(JN,!'ffD.XLC,DEl'L,XMOE) 
DOL BLE PRECISION XLC("),DEFI.( "\,X(20), Y(20),Y IMAX,X-f ARG.XLENG, 

S X 1(20), ~-1(20),SUM,XMOE(•) 
INTEGER JN(") 

IF (NTD.GT.3) THEN 
IF (XMOE(3).GT.l.0DOO) TIIEN 

DO 30 II = 1,2 
IF (11.EQ. l) TIIEN 

L = 7 
M = 6 

ELSE 
L = 10 
M = 3 

END IF 
NMAX = 2 
X(I) = 0.0D00 
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C 
C 
C 
C 

Y(I) = 0.0D00 
J = I 
DO IO I = L,JN(NTD)-M,6 

J J + I 
NMAX = NMAX + 
X(J) = X LC(I) 
Y(J) = DEFl.(I) 

IO CONTINUE 
Y(NMAX) = 0.0D00 
IF (11.EQ. l) TIIEN 

X(N:\1AX) Xl.C(JN(NTD) +-I) 
XI.ENG = XLC(JN(NTD)+ I) 

ELSE 
X(;\;MAX) = XLC(JN(NTD) t 4) 
XI.EN<i = XLC(JN(NTD) +-4) 

END IF 
YIMAX = 0.0D00 
DO 20 K = 1,10 

XTARG = (K•XLENG)/10.0D00 
Xl(K) = XTARG 
s lJ M C O.Ol)O(l 
CAI.I. LA<,RAN(NMAX,X,SlJM,Y,XTARG) 
Yl(K) SUM 
IF (Y l(K).GT.Y IMAX) TIIEN 

Yll\1AX YI(K) 
E:-..D II-' 

20 CONTINUE 
IF (11.E<).l) TllEN 

'MAX.DEFLECTION IN TOP STRINGERBOARD IS =', 
$ YI MAX 

EI.SE 
'MAX.DEFLEC('[ON IN BOTl'OM STRINGERBOARD IS =' 

$ ,YIMAX 
ENDIF 

30 CONTINUE 
El.SE 

'\1AX.l>Er-LECTION IN TOP STRINGERBOARD IS=', 
$ Dl'l'l.(2) 

'MAX.DEFLECrION IN IJO'ITOM STRINGERBOARD IS =' 
$ ,DU:1.(4) 

FND IF 
El.SE 

'TOO FEW DECKBOARDS FOR STACK ANALYSIS - MINIMUM 
$ Nli\lBER ALLOWED IS 3,' 
ENDIF 
RETURN 
END 

LA<iRAN ................................ 
SUBROUTINE I.A< ;RAN(NMAX,X,SlJM,Y,XTAR(i) 
DOUBLE PRFCISION X(20),Y(20),SlJM,XTAR(i,XIIAT 
DO 20 I = I.N:\1.-\X 

XI l:\T = I .0D00 
DO 10 J = l,NMAX 

IF (I.FQ.J) c;o TO 10 
XIIAT '" - X(J))/(X(I) - X(J)) 

IO CONTINUE 
SUl\1 = SliM + (Y()tXIIAT) 

20 CONTINUE 
Rl:TIJRN 
END 
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Appendix D: 

Test pallet geometries 

and component properties 
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Table D. I. Characteristics of test pallets constructed 
for uniform loading, RAS. For geometry sec 
Figure 7.1. 

Pallet 

Design I.D No. Species 

I I Y.P 

2 Y.P 

3 Y.P 

2 4 Red Oak 

5 Red Oak 

6 Red Oak 

7 Red Oak 

8 Red Oak 

3 9 Red Oak 

All designs have nine blocks. 
All lumber in green condition. 
Y.P = Yellow Poplar 

No.of Deckboards 

Top Bottom 

8 3 

8 3 

8 3 

7 -
7 -
7 -
7 -
7 -
7 -

No.of Stringerboards 

Top Bottom 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

Stringerboards Deckboards Blocks 

Width fhicknesi Width fhicknes Width Height Length 
(in) (in) (in) (in) (in) (in) (in) 

3.625 0.75 4.5 0.75 3.625 3.625 5.0 

3.625 0.75 4.5 0.75 3.625 3.625 5.0 

3.625 0.75 4.5 0.75 3.625 3.625 5.0 

3.625 0.75 4.5 0.75 3.625 3.01 5.0 

3.625 0.75 4.5 0.75 3.625 3.01 5.0 

3.625 0.75 4.5 0.75 3.625 3.01 5.0 

3.625 0.75 4.5 0.75 3.625 3.01 5.0 

3.625 0.75 4.5 0.75 3.625 3.01 5.0 

3.625 0.75 4.5 0.75 3.625 3.01 5.0 



I-' 
O"I 
0 

Table D.2. Characteristics of test pallets constructed 
for uniform loading, RAD. 1:or geometry sec 
Fibrure 7. I. 

Pallet 

Design I.D No. Species 

I I Y.P 

2 Y.P 

3 Y.P 

4 la Y.P 

lb Y.P 

2a Y.P 
3a Y.P 

3b Y.P 

4a Y.P 

4b Y.P 

5 le Y.P 

3c Y.P 

4c Y.P 

All designs have nine blocks. 
All lumber in green condition. 
Y.P = Yellow Poplar 

J\:o.of Deckboards 

Top Bottom 

8 3 

8 3 

8 3 

9 3 

9 3 

9 3 
9 3 

9 3 

9 3 

9 3 

9 3 

9 3 

9 3 

No.of Stringcrboards 

Top Bottom 

3 3 

3 3 

3 3 

3 . 
3 . 
3 . 
3 . 
3 . 
3 . 
3 . 
3 2 

3 2 

3 2 

Stringerboards DcckboarJs Blocks 

Width fhicknesi Width lnickncs Width lleight Length 
(in) (in) (in) (in) (in) (in) (in) 

3.625 0.75 4.5 0.75 3.625 3.625 5.0 

3.625 0.75 4.5 0.75 3.625 3.625 5.0 

3.625 0.75 4.5 0.75 J.625 3.625 5.0 

5.5 0.75 3.5 0.75 5.5 3.5 3.5 

5.5 0.44 3.5 0.44 5.5 3.5 3.5 

5.5 0.75 3.5 0.75 5.5 3.5 3.5 
5.5 0.75 3.5 0.75 5.5 3.5 3.5 

5.5 0.44 3.5 0.44 5.5 3.5 3.5 

5.5 0.75 3.5 0.75 5.5 3.5 3.5 

5.5 0.44 3.5 0.44 5.5 3.5 3.5 

5.5 0.44 3.5 () 44 5.5 3.5 3.5 

5.5 0.44 3.5 0.44 5.5 3.5 3.5 

5.5 0.44 3.5 0.44 5.5 3.5 3.5 



VPI 
f-astener No. 

type 

Length (in) 

Thread 
Diameter (in) 

Thread 
Lcni,.rth (in) 

i\libant Angle 
(Degrees) 

\Vire 
Diameter (in) 

I lead 
Diameter (in) 

Table D.3. Ch:uacleri~tics of Fasteners used 
in Experimental pallets 

Deck-Dlock Joint 

Dcckhoard Thickncs!i(in) 
0.375 0.4J75 0.625 0.75 

24961) 2625 

1 lclical I lclical 

2.09 3.0] 

0.137 0.145 

1.38 2.07 

23 16 

0.112 0.12 

0.2R2 0.284 

Deck board/ 
Stringerhoard Joint 

All 
Thicknesses 

2626 

I lclical 

1.97 

I.JI 

16 

0.121 

0.284 
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Appendix E: 

Test results for center deflection 

and stiffness 
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Table E. I. Comparison between predicted and experimental deformations and stiffness of uniformly 
loaded pallets, RAS. Dcckboard and stringerboard thicknesses are equal and 0.75 inches. 

Pallet Center deflection (in) 
Design ID No. Span (in) l.oad (lbs) Experiment Model % Difference 

I I 41 1151 0.197 0.203 -3.0 
43 l0l5 0.180 0.175 2.5 
45 l062 0.215 0.242 -12.5 

2 41 956 0.156 0.155 0.66 
43 l046 0.181 0.174 4.0 
45 l031 0.196 0.214 9.2 

3 41 1459 0.231 0.222 3.9 
43 1062 0.188 0.175 6.9 
45 1400 0.290 0.271 6.7 

2 4 41 1469 0.261 0.27 -3.4 
43 1013 0.223 0.211 5.4 
45 1322 0.331 0.375 • 13.3 

5 41 I038 0.181 0.188 -3.9 
43 1044 0.2IO 0.202 3.8 
45 !026 0.199. 0.212 -6.5 

6 41 856 0.178 0.172 3.4 
43 I020 0.210 0.218 ·3.8 
45 !003 0.213 0.228 -6.81 

7 41 I063 0.201 0.198 1.3 
43 1026 0.220 0.204 7.3 
45 I030 0.207 0.216 •4.4 

8 41 I002 0.177 0.185 -4.4 
43 753 0.139 0.148 -6.5 
45 1192 0.240 0.247 •5.03 

3 9 33 ·1049 0.077 0.081 -5.2 

Stiffness (psi) 
Experiment Model % Difference 

5840 5669 2.9 
5650 5783 -2.3 
4930 43RR I0.9 
6435 6167 4.2 
5689 6021 -5.8 
5132 4817 6.1 
63,11 6572 -4.1 
5641 6065 -7.5 
4735 5173 -9.2 
5830 5440 6.6 
4534 4800 -5.9 
3989 3525 11.6 
5730 5521 3.6 
4917 5168 -5.1 
5157 4839 6.1 
4819 4976 ·3.2 
4957 4678 5.6 
4809 4408 8.3 
4988 5357 -7.3 
4660 5029 -7.9 
4957 4768 3.8 
5861 5422 7.4 
5517 5087 7.8 
5396 4825 10.6 
12803 12950 ·I.I 



Table E.2. Compari!:<>n between predicted and ellperimentaJ deformations and stiffness of uniformly 
loaded pallets • RAD 

Pallet Center dcncclion (in) 
J)c5ign ID No. Span (in) Load (lbs) Ellpcrirnent Model ~. Difference 

I I .'4.5 1733 0.174 0.197 -12.7 
36.2S 1130 0.115 0.124 -8.1 
38.0 IORS 0.134 0.151 -12.2 

2 34.5 1143 0.112 U.119 -6.0 
36.25 990 0.102 0098 4.0 
38.0 1348 U.169 0.156 11.2 

3 .14 5 1521 0 16.l 0.172 -5.2 
36.25 1039 0.111 0.133 -19.8 
380 1038 0.136 0.13R -1.7 

4 la 39 2128 0.246 0232 S.7 
45 31S7 0.422 0.428 -0.S 

2a 39 19113 0 233 0.222 4.9 
45 2405 11.352 0.36!1 -4 4 

3a 39 2331 0.275 0.258 6.2 
45 28S2 0.3S8 0.430 -111.9 

lb 39 2037 U.Rl6 0.N61 -S.5 
45 2001 0.934 1.01 -7.7 

3b 39 2097 0.964 0.928 3.8 
4S 2098 1.226 1.128 7.9 

4b 39 ISR3 11.854 0.69 19.0 
45 2008 l..l2 1.347 -2.0 

s le 39 2113 1.0 0.9} 8.0 
4S 1928 1383 1.28 7.5 

Jc 39 1933 0.95 0.86 9.4 
45 1826 1.433 1.41 1.6 

4c 39 2224 1.034 1.0 3.3 
4S l79S 1.436 1.33 7.3 

Sti1Tnc55 (psi) 
Experiment Model ~. Difference 

9920 R796 11.3 
9690 9112 S.9 
R069 7185 10.<J 
IUI02 9605 4.9 
9782 IOIU2 -3.3 
7R73 RMI -9.7 
9318 S!-43 5.1 
9349 7Rl2 16.4 
7)Q4 7521 -1. 7 
R640 9172 -6.2 
7163 7374 -2 9 
8496 81J40 -S.2 
6821 6544 4.1 
11467 9(H4 -6.7 
73SI M.12 9.7 
2468 2J65 4.2 
2024 2263 -11.8 
2517 22(-0 10.2 
1711 1859 -8.5 
IR65 2294 -23.0 
ISl2 14'111 1.4 
2031 2296 -130 
L\49 1506 -11.6 
2019 2247 -IL\ 
1270 1295 -1.9 
2145 2224 -3.7 
ll9S 1349 -12.9 
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