
A THREE-DIMENSIONAL PHOTOELASTIC STUDY OF

WELDED TUBULAR T-CONNECTIONS

A Dissertation

Presented to

The Faculty of the Department of Civil Engineering

University of Houston

In Partial Fulfillment

•of the Requirements for the Degree

Doctor of Philosophy 

by

George Hayes Holliday

August 1970

545360



ACKNOWLEDGMENTS

The author wishes to tliank and acknowledge the many people 

and organizations who so graciously gave of their time and equipment 

so that this study could be initiated and brought to fruition. 

Firstly, appreciation is due to Dr. W. M. Murray, 

who introduced me to photoelasticity. Also, credit is due to 

Mr. M. M. Leven, Westinghouse Electric Corporation, who so willingly 

offered helpful suggestions for surmounting technical obstacles.

Thanks are expressed to Dr. W. J. Graff, who served as 

chairman of the advisory committee and to Professor L. J. Castellanos, 

Dr. J. M. Nash, Dr. S. T. Poage, and Dr. A. White for acting as 

members of the committee.

Particular thanks are due to Shell Development Company 

management who encouraged me to undertake the project and who 

graciously permitted me the use of the company shop and laboratory 

facilities during evenings and weekends. In this regard, gratitude 

is expressed to Mr. B. N. Outwin who took his personal time to teach 

me the operation of the various machine tools so that I could make 

the plastic models which were tested.

Sincere appreciation is expressed to Miss Mary Manning who 

carefully read and edited the manuscript. Her suggestions considerabl 

improved the presentation of the results.



iv

The largest share of thanks must be reserved for my wife, 

Doris, who was a constant source of encouragement.

Lastly, thanks are due to Miss Sandra Rackley who carefully 

typed the thesis.



A three-dimensional fhotoeiastic study of

WELDED TUBULAR T-CONNF.CTIONS

An Abstract

Presented to

The Faculty of the Department of" Civil Enginee.rin

University of Houston

In Partial Fulfillment

of the Requirements for the Degree

Doctor of Philosophy

by

George Hayes Holliday

August 1970



•UNIVERSITY OF HOUSTON

ABSTRACT

A THREE-DIMENSIONAL PHOTOELASTIC STUDY OF 

WELDED TUBULAR T-CONNECTIONS

by

George Hayes Holliday

Offshore oil drilling and production activities have occasioned 

rapid advances in the design of fixed structures fabricated from 

tubular members. An integral part of these so-called offshore plat­

forms is the welded tubular connection, the structural joint betv?cen 

intersecting tubes. Theoretical analysis of tubular connections is 

very difficult because of localized bending of the chord (continuous 

member) and brace (discontinuous member). Thus, stress distributions 

in tubular connections have been determined by strain gage analysis 

obtained from steel models.

This thesis is the first reported investigation of stress 

distributions of tubular connections performed by three-dimensional 

photoelasticity. The first portion of the thesis is devoted to 

(1) developing a suitable amine cured epoxy resin from which the 

connection components were cast, (2) machining the model components 

to finished dimensions, (3) assembling the models, and (4) stress- 

freezing the completed models. Each of these activities is discussed 

in detail and recommended practices set forth.
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The second portion of the thesis describes the experimental 

results relevant to the stress distributions in T-connections, 

particularly near the intersection weld where, because of localized 

bending, stresses are high. Stress distributions in the form of 

stress concentration factors are compared for three T-connections 

having bracc-to-chord thickness ratios varying from 0.354 to 0.610. 

The brace diameter-to-chord diameter ratio was maintained at 0.5. 

Loading was restricted to axial tension applied to the brace. The 

chord v?as supported at the ends by means of rigid diaphragms which 

were free to rotate and translate on greased spheres.

The analysis demonstrates the ability of photoelasticity to 

provide detailed stress distributions even in areas of high stress 

concentration where strain gage techniques experience difficulty. 

The stress distributions verify the results of previous investigators; 

namely, (1) stresses increase rapidly near the intersection weld, and 

(2) maximum stress, so-called hot-spot, occurs in the chord at the 

intersection weld in the transverse plane containing the brace axis. 

More importantly, the analysis shows that the maximum stress along 

the chord generator through the brace axis is not at the. intersection 

weld, but slightly outboard of the weld because of chord wall bending. 

Further, the localized bending of the chord results in the brace 

becoming oval shaped, with the minor axis parallel to the longitudinal 

axis of the chord.

Stress variations across the chord and brace walls are easily 

observed in the slices cut from the photoelastic models. The 

variation is particularly severe in the chord adjacent to the 
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intersection weld. Thus, care must be. exercised in applying shell 

theory solutions to tubular connection problems so as to adequately 

consider bending effects.

KEY WORDS: Welded tubular connection, three-dimensional model, photo- 
elastic model, T-ccnnectjon, epoxy resin, stress analysis, 
photoelasticity, stress distribution, stress concentration, 
axial loading, deformation, geometric model, stress freezing, 
model slicing.
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(Figure B-l)
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(Figure B-l)
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Chapter 1

INTRODUCTION

The structural joint formed by welding together two or more 

intersecting hollow circular cylindrical tubes (pipes) is called a 

welded tubular connection. The primary use of this construction is 

in offshore structures (platforms) installed along continental shelves 

of" the world by the petroleum industry for drilling and producing 

operations. Tubes are favored over more conventional structural shapes, 

that is, I-beans and boxbeams, because of the low and equal drag from 

all directions. Many tubular connections occur in such platforms, 

that is, joining tubular cross members to tubular legs or other 

tubular cross members.

Platforms are subjected to loads of varying intensity and 

direction. The wind, wave, and current actions cause, shear, normal 

and bending stresses singularly or, more commonly, in combination.

Stresses adjacent to the intersection weld(s) of the connec­

tion are known to be high and to have "steep gradients. Few experimental 

stress analyses have been made to determine the distribution of stresses. 

Moreover, experimental analyses have concentrated on verifying 

particular designs. Thus, limited elastic stress distribution data 

are available for discrete and simple loading conditions, e.g., 

tension, compression, or bending.

This dissertation is an attempt to provide a thorough 

experimental stress investigation of T-connections, which it is hoped

1
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will act as a starting point for a fundamental continuing study of 

elastic stress distributions in welded tubular connections. 

T-connections were selected for analysis because they provide a 

simple configuration on which tc develop experimental techniques 

and at the same time generate usable data. Furthermore, it is hoped 

that having available an experimental stress analysis will encourage 

development of an analytical solution. Such analyses (experimental 

and analytical) should provide civil engineers fundamental knowledge 

of stress distribution and stress concentration factors associated 

with welded tubular connections.

The distribution of elastic stresses is of interest to design 

engineers because it provides insight into comparative static and 

fatigue strengths. Traditionally, scale steel models, equipped with 

resistance strain gages, are used to investigate elastic stress 

distributions in tubular connections. Such models are expensive, 

heavy, and difficult to load without specialized equipment. In 

addition, measurement of strains is limited to outside surfaces be­

cause of the difficulty of installing gages inside of model components. 

Further, stress distribution through the wall of the model must be 

inferred, since only surface stresses are detectable.

Conversely, study of tubular connections may be performed 

with small scale plastic models which can be loaded by dead weight 

of small magnitude. In addition, an investigation is not necessarily 

limited to surface stresses since slicing and subslicing of the model 

permit evaluation of stresses anywhere within the model. Furthermore, 

a continuous display of stresses permits rapid selection of areas of 

the model requiring careful analysis, thereby avoiding detailed 



3

analysis of areas of low interest. This study deals with the photo­

elastic determination of stresses in discretely loaded three-dimensional 

scale models of tubular T-connections having geometries similar to 

those used in current designs, Figure 1.

PURPOSE

The purpose of this photoelastic study is to determine for 

tubular T-connections:

1) surface principal stresses along planes of symmetry,

2) effect of change in chord (continuous member) wall thickness 

on the principal stresses, and

3) stress distributions in the direction of the brace (dis­

continuous member) axis around the intersection curve.

The study also provides experimentally determined stress 

distributions in the form of stress concentration factors for 

comparison with theory.

SCOPE

The study is based on an investigation of three-dimensional 

photoelastic scale T-connection models having a fixed chord-to-brace 

diameter ratio. Models were cast from an amine cured epoxy resin. 

Locked-in deformations were produced in the models by the stress 

freezing technique. Three models having three chord wall thicknesses 

were analyzed.

Loading was limited to axial- tension applied to the brace. 

In addition, connections were simply supported at the chord ends to



Fig. 1 - Welded Tubular T-Connection
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exclude external bending moments from all models. The study was 

limited to surface stresses, since they are highest and of greater 

concern in design.

SUMMARY OF RESULTS

Three-dimensional photoelasticity is shown to be an effective 

and practical experimental stress analysis technique for tubular 

connections. The maximum stress concentrations (based on the P/A 

stress in the brace) at the intersection welds were found to be 

5.76, 9.62, and 13.28, respectively, for T-connections having the 

following ratios:

Model aa 8b c) d) y= Td
■—•

1 . 4.91 0.50 13.62 0.354

2 4..91 0.50 18.38 0.486

3 4.91 0.50 24.40 0.610

a) ratio of chord length to chord diameter,

b) ratio of brace diameter-to-chord diameter,

c) ratio of chord radius to chord wall thickness, and

d) ratio of brace thickness to chord thickness.

The highest stress concentration was associated with the 

thinnest chord, Model 3.

Photoelastic analysis showed that the peak stresses occur 

at or very close to the intersection weld between the brace and chord. 

In addition, the peak stresses result from local bending of the chord 

wall. The bending also produces large variations in stress across the
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brace and chord walls precluding accurate determination of stress by 

means of direct application of shell theory.-

As anticipated, the chord cross section elongated unde?: load; 

the major axis being parallel to the direction of tensile load. The 

brace also became ovalled under load. Maximum brace ovalling occurred 

at about 1 1/2 times the diameter above the intersection weld. 

Unexpectedly, the minor axis of the cross section was parallel to 

the longitudinal axis of the chord. Local bending of the chord wall 

at and near the intersection weld caused this unanticipated configuration. 

In addition, local bending caused the brace to increase in diameter 

for a small distance immediately above the intersection weld, parallel 

to the chord axis. This phenomenon caused the maximum stress in the 

apex generator (chord generator passing through the brace axis) to be 

attained slightly outboard of the toe of the intersection weld. The 

maximum chord stress in the transverse plane was at the toe of the 

intersection weld as reported by other investigators (Graff 1970).

The brace axial stress variation along the intersection weld 

was shown to be monotonically increasing from the apex generator to the 

transverse plane.



Chapter 2

WELDED TUBULAR CONNECTIONS

The inherent high strength-to-weight ratio of structures 

fabricated from tubular members makes such construction economically 

attractive (Hettich 1960). Tubular members also have an inherent 

advantage of low wind and wave loads which remain constant regardless 

of direction of attack. Thus, the petroleum industry has found 

tubular structures highly attractive for fixed platforms from which 

to explore and drill for oil reserves along the continental shelves 

of the world.

TERMINOLOGY

The term "welded tubular connection" refers to that portion 

of a structure where circular cylindrical tubes are joined by fusion 

welding of the cross section of one tube (brace) to the undisturbed 

exterior surface of the other tube (chord). It is important to note 

that the brace does not penetrate the wall of the chord. This is 

done to retain an unbroken and thus stronger chord as well as to 

prevent uncontrolled fluid communication between structural members 

during placement of the structure in the water.

Many tubular connection configurations are possible. Some 

common in-plane connections are shown in Figure 2. In addition. 

Figure 2 pictures the component elements of a tubular connection as

7
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SADDLE
REINFORCEMENT

Fig. 2 - Typical in-plane tubular connection types
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defined by the petroleum industry. These include:

1) chord - continuous member, normally the platform leg,

2) brace •• discontinuous member, and

3) gusset - reinforcing element at or near the intersection.

Tubular connections are designated by shape; namely, T-connection 

(Figures 2a, g, h, and i), Y-connection, K-connection (Figures 2b-f), 

and Double T-connection (Figure 2j). Further, tubular connections are 

classified into three categories by fabrication detail. First, non- 

overlapping (Carter 1969), Figures 2a, b, c, and j; second, overlapping, 

Figure 2d; and third, reinforced (Carter 1969, Bouwkamp 1965a), 

Figures 2e-i. In addition, for in-plane connections where Icngitudir.a 1 

axes of two or more braces intersect at a common point, the perpendi­

cular distance from the point of common intersection to the. chord axis 

is defined as rhe eccentricity. Figure 3. Eccentricity is nonrally 

measured in accordance with the convention established by Bouvzl'.amp 

(1965a); that is, eccentrici.ty is considered (1) negative, if measured 

on the side of the chord axis tortard the braces, Figure 3, or (2) posi­

tive, if measured on the side of the chord away from the. b.cace. 

Eccentricity is zero when chord and brace axes intersect ac a common 

point.

Negatively eccentric connections normally result in overlapping 

designs. Figure 2d. The use of negative eccentricity was promoted by 

Bou\jkamp as the result of static load tests to failure (Bouwkamp 1965a). 

The industry trend now is to non-reinforced non-overlapping zero 

eccentric connections (Carter 1969, Lee 196S). A recent study by



Fig. 3 - Sketch of K-connection showing positive eccentricity

o
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by Bouwkamp (1967) indicates a marked decrease in the fatigue life of 

overlapping connections and reinforced connections.

A dimensional analysis of tubular connections results in 

development of four geometric dimensionless groups which describe 

tubular connections. They are:

a = Lc/Rc = half chord length/chord radius

P = Rb/Rc ~ brace radius/chord radius
(2-1) 

y = R„/hc = chord radius/chord thickness

T =■ h.^/hc =" brace thickness/chord thickness

Equations (2-1) represent the groups as normally defined for 

design purposes. In keeping with shell theory analysis, the groups 

can also be defined as

O' -• Lc/C = half chord length/chord middle surface radius

P - b/C = brace middle surface radius/chord middle surface radius
(2-2) 

y = C/hc = chord middle surface radius/chord thickness

T -• t = hb/hc = brace thickness/chord thickness

The design definitions, equations (2-1), will be used in this 

thesis because of their wide acceptance by engineers. However, the 

reader should be aware the dimensionless groups are defined by both 

equations (2-1) and (2-2) in the literature.

TUBULAR CONNECTIONS IN STRUCTURES

The first major tubular structures were built during the 

nineteenth century to carry railroads over bodies of water (Stewart 

1959) . Details of five tubular member bridges built in Britain 
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during the nineteenth century are discussed by Timoshenko (1953) and 

Godfrey (1958). Tubes for these bridges were fabricated from riveted 

curved plates. The tubular connections were formed from riveted 

transition pieces which were complex and costly (Godfrey 1959).

The first major tubular member bridge built in the United States 

was completed in 1874 across the Mississippi River at Saint Louis, 

Missouri (Woodward 1881). This bridge was fabricated by riveting, 

but the tubular connections were special pin couplings, radically 

different from those used in previous bridges.

Buildings, towers, bridges, and offshore structures have been 

fabricated from tubular members in recent years; however, the. petro­

leum industry has utilized tubular constructions to a larger extent 

than any other industry with the. advent of the offshore structure 

(platform) in the late 1940's. Lee (1968) estimated by 1968 that 

2000 fixed platforms had been installed in the Gulf of Mexico by the 

oil industry. The initial offshore structures were fabricated from 

post-tensioned concrete piles and prefabricated reinforced concrete 

deck sections. These structures were located in shallow water, 

30 feet maximum to the mudline. With the discovery of petroleum 

reserves in deeper water, the steel tubular structure emerged as the 

standard design, but with it has emerged the difficult problem of 

design of adequate welded tubular connections.

REVIEW OF WELDED TUBULAR CONNECTION LITERATURE

Previous investigations of welded tubular connections can be 

divided into two categories: (1) theoretical analysis, and (2) experi­

mental analysis. Since these techniques have added much to the knowledge 
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of welded tubular connection design, it is of value to review briefly 

the work of previous investigators.

Theoretical Analysis

Theoretical analysis may be subdivided into three topics: 

(1) static failure load determination, (2) static elastic stress 

distribution, and (3) fatigue life prediction. The first two topics 

are reviewed below. Fatigue life prediction is not discussed because 

(1) it is beyond the scope of this thesis, and (2) few studies of 

engineering applicability are reported. Readers interested in 

fatigue, particularly low cycle fatigue, may refer to papers by 

Pickett (1967) and Carter (1969).

Failure load determination. The first method developed for 

determining load carrying capacity of welded tubular connections was 

the Shear Area Method (Johnston 1963) , wherein it was assumed that 

axial load imposed by the brace was carried in direct shear by the 

chord wall. Toprac (1966a) indicates that the method is simple to 

use, but "the simplifications are so very gross that their inability 

to account for all the geometric parameters is obvious". To avoid this 

hazard, Marshall (Carter 1969) plotted experimental failure shear 

stress as a function of chord-radius-to-chord-thickness (y) ratio to 

provide an empirical design graph.

Another method developed early in the application of tubular 

structures to oil exploration was the Column Analogy. Bryant (1962) 

compared the analogy with several experimental results with relatively 

good success.
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The method consists of selecting and removing a representative 

hypothetical length of chord extending symmetrically on each side of 

the brace(s). The representative ring is analyzed as a curved beam. 

Again, because of the over-simplification of the problem, Toprac 

(1966a) questions the validity of the results. History appears to 

substantiate his opinion since the method is virtually no longer used.

Thin elastic shell theory. Thin shell theory is discussed by 

many authors (Timoshenko 1959, Flugge 1962). The equations developed 

from linear elastic small deflection theory were used by three recent 

investigators, Eijlaard, Dundrova, and Scordelis.

Bijlaard (1954, 1955a, 1955b, 1959) developed an approximate 

solution for pressure vessels by considering a radial load per unit 

surface (Yuan 1946). The resulting equations (Bijlaard 1955a) were 

solved numerically by expanding the displacements into double Fourier 

series. Several loading conditions were represented. The most 

interesting loading condition for tubular connection design is the 

radial load uniformly distributed over a rectangular area. This is 

used to approximate loading imposed by a brace on a chord. The 

equations for this and several other loadings were programmed 

(Johnston 1963). However, little use was made of Bijlaard's solution 

for offshore structures because of the unrealistic representation of 

a variable ring load parallel to the brace axis by a radial load 

uniformly distributed over a rectangular area.

Dundrova (1965) was the first investigator to apply shell 

theory equations to tubular connections. Her solution considered the 

chord in terms of general shell theory and the brace in terms of 
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membrane theory. Along the intersection curve the three equations of 

equilibrium are satisfied but only one equation of compatibility, 

that is, compatibility of displacement in both chord and brace in the 

direction of the brace axis. Unfortunately, insufficient proof of 

convergence of the double Fourier series representation of stress 

was undertaken. Thus, there is a strong indication that insufficient 

terms are available in the solution to provide accurate results. 

Nevertheless, the solution represents a unique addition to modern 

shell theory.

The most recent analytical study of tubular connections 

was reported in 1968 by Scordelis and Bouwkamp. The investigation was 

based on Donnell's equation (Donnell 1933) for cylindrical shells. 

A general method was developed by which a cylindrical shell was 

analyzed for input loading or displacement. Four computer programs 

based on the analysis were reported. One deals with the determination 

of load distribution along the intersection curve. The results of 

the analysis compared favorably with experimental stress values 

reported by Noel and Toprac (1965).

Finite element analysis. The most promising analytical tool 

for analyzing tubular connections appears to be the Finite Element. 

Greste and Clough (1967) used the method to study elastic stresses 

in T, Y, and K-connections. The shells were represented by an assemblage 

of triangular elements which were connected at the corners along the 

middle surface. Each triangular element corner was provided with 

five degrees of freedom. The rotation about the axis normal to the 

shell middle surface was assumed to be zero. Some interesting 
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conclusions were reached. (1) The length of the brace, if greater 

than two times the diameter, has no direct effect on the stresses and 

displacements in the chord. This was used as the basis for estab­

lishing the brace length for the photoelastic models used in this 

investigation. (2) The finite element fine mesh idealization of 

a T-connection produced stress values equivalent to (a) line dis­

placement input and (b) force input cases reported by Scordelis (1968) 

using shell theory.

The finite element solution also was compared with experimental 

elastic stress analysis reported by Noel and Toprac (1965). The 

agreement was relatively satisfactory particularly away from the 

brace-to-chord intersection (intersection curve) . Since the. 

triangular element solution was not conserving of computer storage, 

Johnson (1967) developed a finite element solution utilizing a quad­

ralateral element having five degrees of freedom.

Experimental Analysis

Experimental investigations may be divided into two broad 

categories: (1) failure-load determination and (2) 'static elastic 

stress distribution determination. Failure load determination has 

dominated the experimental investigations of tubular connections. 

However, recently considerable interest has been generated in the 

determination of elastic stress distributions. Two reasons appear 

responsible for the change in emphasis. First, it became increasingly 

evident that failure-load testing of specific designs was time consuming 

and unusable in establishing failure criteria for designs other than 
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the one being tested. Second, the development of recent analytical 

solutions provided a means of determining stress distributions, thus 

reducing the number of test specimens required. For these reasons, 

the following review of literature dealing with failure load deter­

mination is limited.

Failure load determination. A complete survey of experimental 

analyses was provided by Toprac (1968, 1969) under the auspices of 

the Welding Research Council. The first survey presents studies 

completed in Japan, while the second reviews research pursued in the 

U.S.A. Virtually all of the Japanese and a large, share of the 

American literature deals with failure loads.

Elastic stress distribution. The first experimental stress 

analysis of tubular connections was reported by Andrain (1958), 

Southern Methodist University. However, only one of the 11 specimens 

tested was provided with strain gages. Thus, heavy emphasis was 

placed on failure load determination.

Pease (1960) prepared the most complete of early experimental 

stress analyses. Strains were measured on the surface of the chord 

along four strain gage lines emanating from the brace of the simply 

supported T-connection. Localized plastic strain occurred near the 

intersection weld. Disregarding the plastic deformation, the experiments 

stresses were compared with the elastic solution developed by Bijlaard 

(1959). The correlation was only moderately satisfactory.

Bryant (1962) undertook an ambitious test program which 

included three full size specimens. One specimen, provided with 

six in-line braces having zero eccentricity (two-dimensional K- and
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T-connections), was cement filled and equipped with 250 three-gage 

rosettes. The other specimens were double T-connections provided with 

a (1) ring gusset which was continuous through the braces, and 

(2) ring reinforcement which was in the form of two bands equally 

spaced from the center line of the braces. Unfortunately, the 

report treats the stress analysis rather lightly and gives limited 

stress data.

Bouwkamp and Toprac have added greatly to experimental study 

of welded tubular connections. Their contributions are too extensive 

to be discussed in full in this thesis: however, readers interested in 

static stress and alternating stress studies of T, Y, and K-connections 

are referred to the following publications: Bouwkamp (1965a, 1965b, 

1966a, 1967, 1968) and Toprac (Noel 1965, 1966a, b, c, Beale 1967). 

Toprac's recent investigation (Beale 1967) is interesting because 

it provides graphs of surface chord stresses as a function of location 

on the chord.

Lastly, it is of interest to note that two studies were 

reported in Australia in 1961. The Stewarts and Lloyds (1961) study 

of Double T-connections is directly applicable to offshore platforms. 

This experimental study located the point of maximum stress, that is, 

points A, Figure 2j for Double T-connections. In addition, the 

longitudinal strain gage measurements on brace surfaces adjacent to 

the intersection weld were reported to be higher than anticipated. 

This same stress concentration phenomenon, due to the geometry of the 

connection, was reported by Toprac (1966b) for T-connections.
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The second Australian study (Anderson 1961) covered an 

experimental investigation of tubular trusses. The so-called Type F 

was a K-connection in v/hich one brace was in tension while the other 

was in compression. The results of this study indicated yielding 

first occurred in the chord at the acute angle between the compression 

brace and chord, point B, Figure 2c.

SUMMARY

The review of experimental stress analyses of full size and 

model tubular connections indicates valuable data were collected. 

However, all of the investigations were, disconnected and aimed at 

solutions to individual designs. Moreover, the investigations were 

used to confirm specific designs rather than to provide an organized 

attack of the problem.



Chapter 3

PREVIOUS PliOTOEIASTIC ANALYSES OF WELDED TUBULAR 
CONNECTIONS AND REIATED STRUCTURES

Photoelasticity is recognized as a valuable experimental tool. 

Readers interested in the theory of photoelasticity are referred to 

the two volumes by Frocht (1941, 1948). Three-dimensional photo­

elasticity is reported in detail by Drucker (1950).

A literature review indicates no three-dimensional photoelastic 

analysis of tubular connections has been reported, although two- 

dimensional photoelasticity has been used. However, three-dimensional 

photoelasticity was applied to pressure vessels, which are in many 

respects similar to tubular connections.

TWO-DIMENSIONAL PHOTOELASTIC ANALYSIS OF 
TUBULAR CONNECTIONS

Bouwkamp (1966b) reported a two-dimensional photoelastic 

analysis of a through-the-wall (chord and brace walls) gusset plate 

installed in a K-connection. The purpose of the investigation was to 

evaluate the influence of the gusset plate shape on the stress 

transfer in a tubular connection. The impetus for the study came 

from the need to improve the fatigue life of connections equipped 

with gusset plates (Bouwkamp 1967). Difficulty in making a three- 

dimensional investigation limited the study to gusset plates. In 

addition, only the shear stress distribution in the gusset was 

considered. Thus, the analysis precluded evaluation of any of the

20
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individual stress components. The. results of the investigation 

dramatically demonstrated the advantage of contouring the gusset 

plates to provide a gradual change of section where the gusset plate 

terminates at the brace walls. This result was known and well 

documented for pressure vessels and piping (Thielsck 1965).

Two experimental studies of K-connections utilized photoelastic 

coating applied to the surfaces of steel models. Bouwkamp (1966a) 

made limited use of coatings to observe the critical stress areas 

in gusset plates. Hebert and Vafai (1969) analyzed the normal stresses 

in a self-reacting symmetric K-connection, braces of which were loaded 

with opposing external shears. The photoelastic results did not 

correlate well with strain gage data. Furthermore, the photoelastic 

coating was so insensitive that yielding of the brace material 

occurred before sufficient fringes were developed.

THREE-DIMENSIONAL PHOTOELASTIC ANALYSIS OF PRESSURE VESSELS

Analysis of stresses in pressure vessels at nozzles is closely 

related to analysis of stresses in tubular connections. Leven (1966) 

and Taylor (1966) photoelastically analyzed nearly 100 pressure vessel 

models of various configurations. Leven tested spherical and cylin­

drical vessels, while Taylor tested cylindrical vessels. The fixation 

or stress freezing method was employed (Drucker 1950). Both mechanical 

and pressure loadings were used. The purpose of the investigation was 

to establish (1) magnitude of stress on the inside and outside of the 

vessel walls, and (2) effect of nozzle reinforcement on the stress.

The results are not germain to this thesis, but the conclusions 
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relative to the accuracy of stress determination are of importance. 

Leven and Taylor indicated a maximum error of about ± 5 percent in 

the determination of circumferential stresses if they were evaluated 

from model transverse slices (Leven 1966, Taylor 1966), that is, a 

slice of the model cut through the full thickness normal to the 

longitudinal axis of the vessel. However, the error in determination 

of axial stresses was estimated to be in the range from. 0 to -15 percent 

since axial stress evaluation depended on use of (1) circumferential 

stresses previously obtained, and (2) stress fringe values from sub­

slices (Leven 1966, Taylor 1966), that is, thin slices taken along 

the inner or outer surfaces of transverse slices.

In addition, Mershon (1966) showed stresses evaluated by 

photoelasticity are subject to errors, but generally they are repre­

sentative of actual stresses. One of the problems analyzed by Mershon 

was the effect of Poisson's ratio, 0.5 for plastic versus 0.3 for 

steel. He concluded that stresses evaluated from plastic models are 

higher than those determined from steel models. The effect is most 

pronounced when bending stresses are present, such as occurs when 

small nozzles penetrate the vessel shell.

Takahashi and Mark (1968a) performed a detailed photoelastic 

analysis of intersecting spherical and cylindrical shells exposed to 

external pressure. The analysis, which was compared with a finite 

element solution (Takahashi 1968b), indicated good correlation with 

the theoretical solution based on thick wall shells of revolution.

As an aside, it is interesting to note Welter and Dubuc (1962) 

made three separate strain measurements at the same location on steel 
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models, using duplicate strain gages, but obtained a scatter from

-7.5 percent to +6.1 percent. This tends to illustrate, the inherent 

variability in experimental data.



Chapter 4

TUBULAR CONNECTION MODELS

Accurate photoelastic analysis depends on carefully fabricated 

models which faithfully represent the prototype structure. Model 

geometry and fabrication techniques must be carefully considered. 

Engineers have little difficulty in selecting proper geometry for 

photoelastic models because of their training in similitude. Methods 

of fabricating three-dimensional photoelastic models, however, are 

not discussed in detail in the literature. Since this omission presents 

considerable difficulty to the inexperienced investigator, emphasis is 

placed on this phase of the study in the following sections. In 

addition, a full description of materials and equipment is included in 

Appendix A.

MODEL GEOMETRY

The T-connection scale models investigated during this study 

have geometries similar to connections' currently being fabricated into 

offshore structures. Constant nominal dimensions were maintained in 

the models except the chord wall thickness which was‘purposely varied 

to provide a range of T-ratios, Table 1.

The chord and brace lengths were carefully selected to avoid 

end effects caused by loading or mounting fixtures. A chord length of 

about 19 inches is sufficient to provide at least 6 inches of central

24



aLength from centers of support spheres, Figure 10.

bCalibration bar for Model 1 brace.

cCalibration bar for Model 1 chord.

Table 1
Dimensions of Photoelastic T-Conne.ction Models

Model 
. No.

Chord Brace. Dimensionless Ratios Calibration Bar
OD
D= 

inches

Thickness 
hc 

inches

Length 
2L a 

inches

0D
Db 

inches

Thickness 
hb 

inches

Length
Lb 

inches

Thickness 
h 

inches

Width 
w 

inches
cc

2h./D
B

VD,
■ Y

D /21i c c
hJho

1 4.002 0.147 19.655 2.009 0.052 8.007 4.91 0.50 13.62 0.354 0.196^

0.201c

0.25P

0.253=

2 4.006 0.109 19.682 2.006 0.053 8.196 4.91 0.50 18.38 0.486 0.182 0.251

3 4.001 0.082 19.654- 2.002 0.050 8.205 4.91 0.50 24.40 0.610 0.179 0.251

Ln
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chord length representative of undisturbed stress distribution. This 

assumes that end effects disappear within 1 to 1-1/2 diameters (4 inches 

to 6 inches) of the chord ends. Brace length was selected on the 

basis of the study by Greste and Clough (1967) as discussed in 

Chapter 2.

The 13 and y ratios were based on design practice. Current 

practice tends toward thicker chords, that is, r-ratio of 1/3; however, 

many platforms are being designed with t = 1/2. Moreover, many older 

platforms have t = 1. The models shown in Table 1 were fabircated 

with these ratios in mind. Because of practical limitations of 

machining and loading, the minimum chord thickness was held at 0.082; 

that is, t = 0.610 instead of t 1.

Each model was measured before and after stress freezing to 

establish

1) original model geometry,

2) model distortion resulting from stress freezing, and

3) configuration after stress freezing.

Refer to Appendix B for dimensions of the T-connection models.

MODEL FABRICATION TECHNIQUE

Three steps are required in the fabrication of a photoelastic 

model (1) casting, (2) machining, and (3) assembling. Each of these is 

discussed below.

Casting

The model components used in this study were cast from EPON 815® 

activated with 5 phr DEP (diethylaminopropylamine). Development and 
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characteristics of the plastic are discussed in detail in Appendix C. 

Since components cast from epoxy have a stressed surface or "rind” 

which cannot be removed by stress relieving, components cannot be 

cast to finished size. This requires the mold to be oversize so that 

the rind can be removed by machining. Generally, the components should 

be about 1/4 inch oversize to provide sufficient stock, and all compo­

nent castings for one model should be poured at the same time to 

assure uniformity.

Three T-connection models were fabricated for this study.

Each model was cast in two parts (1) chord and (2) brace. In addition, 

a sheet casting was made from which calibration bars were cut. The 

chord, brace, and sheet were cast from the same pour of catalyzed 

epoxy, but, during the machining of the first model, the original 

chord was broken. A second chord and sheet casting were made 

necessitating two sets -of calibration bars for determining the photo­

elastic properties of Model 1.

The chord finished nominal outside diameter is 4 inches, Table 1; 

thus the casting was made in a 4-1/4 inch tubular mold.

A 3-inch center core was provided to decrease the mass of resin 

required and provide additional surface for heat dissipation. Figure 4. 

The brace was cast as a solid cylinder 2-3/8 inches outside diameter 

since the finished nominal dimension is 2 inches, Table 1 and Figure 4. 

Sheet castings were made between two pieces of Lucite separated by 

3/8-inch spacers.

After the activated EPON 815® was poured, the molds were 

permitted to gel at room temperature, 75°F for 48 hours. The gelled
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Fig. 4 - Chord, brace, and sheet molds
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resin was cured fully by heating at 180°F for 1 hour. The resulting 

castings are shown in Figure 5.

The casting procedure is described in detail in Appendix D.

Machining

The chords and braces were turned to finished dimensions in 

a geared-head lathe. The intersection curve, semi-circular saddle 

at the end of each brace, was fly-cut in a vertical spindle milling 

machine. Calibration bars were milled to profile on a numerically 

controlled automatic vertical spindle mill after being fly-cut to 

thickness on a vertical spindle mill. Medium to high rotating 

speeds and low feed rates were used and only carbide-tipped tools 

were employed because of the abrasive characteristics of cured 

plastic.

Each model required approximately 40 hours to machine to 

finished dimensions, Table 1. The finished components are shown in 

Figure 6. ,

Details of the machining operations are presented in Appendix E.

Assembling

The intersection weld of tubular connections represents an 

area of particular interest since the stress gradient there is high. 

Normally, epoxy cement is thickened with Cab-o-sil*  which makes the 

glue line opaque. For butt welds, opaque cement is satisfactory. 

However, for fillet welds, such as are inherent with tubular connections. 

Figure 7, observation of stress flow through the weld is obliterated 

by the Cab-o-sil.

*Cab-o-sil, Godfrey L. Cabot, Inc., 77 Franklin St., Boston, Massachusetts.
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Fig. 5 - Chord, brace, and sheet, castings
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Fig. 6 - Machined chord, brace, and calibration bars
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Fig. 7 - T-connection model intersection weld
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A technique employing translucent cement was developed. It 

consists of using the same epoxy base for the intersection weld cement 

as for the model except that the activated resin was permitted to 

thicken under vacuum before being applied to the model. As thickening 

time is a function of the mass of resin, it is important to use the 

proper weight of resin and curing agent to achieve desired thickening 

in the given time. Experimentation indicated that curing of 25 grams 

of EPON 828® (unthinned EPON 815®) with 10 phr DEP produces a 

sufficiently thick resin in 5-1/2 hours.

The models were assembled and held in a simple jig for 

48 hours while the intersection weld cement cured. Weight equivalent 

to about 2 psi of intersection weld area was applied to the brace 

during curing so as to provide a thin glue line. The assembled 

connection is shown in Figure 8. Details of model assembly are 

discussed in Appendix E.
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Fig. 8 - T-connection model intersection weld.curing under load while 
held in position by tri-square jig



Chapter 5

LOCKED-IM DEFORMATIONS

The ability to retain deformations in photoelastic models 

makes three-dimensional photoelasticity a powerful analytic technique. 

Three methods are available for locking deformations into the models 

(Dailey 1965) :

1) stress freezing,

2) creep, and

3) curing.

In these methods, deformations are fixed into the. model on a 

molecular scale, thereby permitting the model to be cut into slices 

without relieving locked-in deformations. Stress freezing is the 

most popular technique for producing locked-in deformations because of 

ease of application and consistency of results.

The basis for stress freezing is the diphase behavior of 

resins when heated (Ilete'nyi 1938). In gross simplification, the 

resins can be likened to ice in which an assemblage of springs is 

imbedded. Melting of the ice permits the springs to assume the load 

previously carried by the ice. Refreezing locks in the spring 

deformations. In an analogous fashion, heating of plastic under load 

permits secondary molecular bonds to assume the imposed load. The 

temperature at which primary bonds of the plastic relax is the 

critical temperature, Tcr, 92-95°C for the amine cured plastic used 

for tubular connection models.

35



36

STRESS FREEZING PROCEDURE

Stress freezing requires slow cooling to avoid locking in 

thermal deformations. Care must be exercised to avoid extraneous 

loads and excessive deformations which can affect the results. These 

problems were avoided by (1) heating and cooling models in a controlled 

temperature oven, Figure 9, and (2) noting ihodel dimensions before and 

after stress freezing, Appendix B.

Supporting and Loading Models

External bending moments were eliminated from chord ends by 

providing a special support fixture, Figure 10. Chord ends were 

fitted with a stiff diaphragm which was cemented in place. Connected 

to each diaphragm was a pair of mating plates with a spherical cavity 

between them. These plates were assembled so as to "capture" spherical 

balls mounted on a shaft. The ball at one end of the connection was 

affixed to the shaft. The ball at the other end of the shaft was 

free to move.

The model was mounted horizontally with the brace facing 

downward. Figure 11. A calibration bar and load were attached to the 

brace by means of an end plate which was provided with a hemispherical 

cavity, spherical ball, and loading fixture, Figure 10. The calibration 

bar was provided for determining the sensitivity of the model plastic 

under temperature and load conditions imposed on the model. A weight 

was hung from the bar adapter after the model reached stress freezing 

temperature, that is, 90°C, Figure 11.

All models were loaded in a similar fashion. Loads used for each 

model are shown in Table 2.
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<6

Fig. 9 - Stress freezing oven



CHORD;

Fig. 10 - T-connection model loading fixture

coco
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Fig. 11 - T-cormection model mounted in oven. Gravity load applied to 
brace through calibration bars



Table 2

T-Connection Model Test Conditions During Stress Freezing

Model 
No.

Heating Loading Cooling
Time

Duration 
hr - min

Temperature
°C

WeightTime 
Duration 
hr - min

Final
Temperature 

°C

Time Final
Duration Temperature 
hr - min °C

On Calib.
Bar

g

On 
Model

g

1 .2-0 90 ■ 4-0 90 978.36a

941.92b

1217.14 22-0 37

2 3-0 90 4-15 90 942.20 1180.0 36-0 35

3 2-0 • 90 4-0 90 942.1 1180.02 34-0 35 -

bBrace calibration bar.

aChord calibration bar.

o
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Temperature and Time of Loading

Each model was individually stress frozen. The temperature 

of the model was raised from about 37 °C to 90°C over a period of 

approximately 2 hours. Table 2. The model brace was loaded as soon 

as the stress freezing temperature of 90°C was attained. Appendix C. 

Oven temperature was maintained at 90°C for about 4 hours during 

loading. Table 2, by a set point temperature controller, Figure 12. 

Model temperature was sensed by a thermocouple located above the 

model. Figure 11. Model temperature was independently monitored by 

a remote indicating thermocouple.

While the cooling cycle for Model 1 was manually controlled 

and resulted in an erratic cooling trend, Figure 13, an average 

cooling rate of 2 - 2.4°C/hr was maintained. This was considered 

sufficiently slow to avoid residual thermal stresses in thin sections 

based on experience of Galle (1959).

Cooling cycles for Models 2 and 3 were controlled mechanically 

by a clock-driven temperature adjuster mounted on the controller, 

Figure 14. A representative stress freezing cycle provided by 

mechanical cooling cycle control is shown in Figure 15. The resulting 

average cooling rate was about 1.3°C/hr.

MODEL SLICING

Three-dimensional photoelastic models are cut into two- 

dimensional slices for analysis. The general procedure is:

1) locate the slices,

2) scribe slice center lines and edge lines,



Fig. 12 - Stress freezing oven control panel. Temperature controller is located at right end of panel N3



Fig. 13 - Stress freezing cycle for T-connection Model 1



Fig. 14 - Stress freezing oven cooling cycle adjuster fitted to temperature controller



Fig. 15 - Typical stress freezing cycle for T-connection Models 2 and 3
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3) rough cut the slices, and

4) finish slide edges.

Care must be taken during slicing and finishing operations to 

avoid relieving the locked-in deformations by heat from the tools.

Locating and Scribing Slices

Slices were laid out along the two principal planes of 

symmetry containing the model connection origin:

1) parallel to chord axis and

2) normal to chord axis.

Slices were scribed every 30° around the brace circumference. Figure 16 

shows the center and edge lines scribed in the marking ink painted on 

the T-connection. The edge lines are 1/4 inch apart. Refer to 

Appendix G for details of locating and scribing procedure.

Cutting and Finishing Slices

Slices V7ere rough cut from the model using a high speed grinder 

equipped with a dentist's burr, Figure 17. Cuts were made about 

1/16 inch outside of outer*  scribe lines, Figure .18. Finishing was 

performed by fly-cutting slices which were held by molding clay, 

Figure 19. Finished slices are shown in Figure 20. Details of slice 

cutting and finishing operations are included in Appendix G. Because 

the loading is symmetrical, only one quadrant of the T-connection need 

be analyzed. Thus, four slices were cut, | = 90-270°, 120°, 150°, and 

180°, Figure 21. Finished thicknesses of each slice are summarized 

in Table 3. The 90-270° and 180° slices lie along principal planes of 

symmetry. Brace sections of the 120° and 150° slices are also along 

principal planes of symmetry. Chord sections of the 120° and 150°



Fig. 16 - T-connection model scribed every 30° around brace after stress freezing



Fig. 17 - Cutting slice from T-connection model chord with high speed grinder and dentist's burr co



Fig. 18 - Rough cut slice showing scribe lines on brace and chord



Fig. 19 - Fly-cutting T-connection model slice to finished thickness. Slices are embedded in 
modeling clay for support



Fig. 20 - Finished slices of T-connection model



y

MFig. 21 - T-connection model slice locations
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T-Connection Model Slice Thickness

Table 3

Model 
No.

Slice Thickness, inches
Slice Location j,, Degrees

90 120 180ai £:n
cp = o° cp = 180°

1 0.246 0.224 0.221 0.224

0.184b

0.226

2 0.233 0.233 0.237 0.234 0.237

3 0.255

0.1985b

0.250 0.255 0.256 0.251

a Refer to Fig. 1 for location of angle cp.

bSlice thinned to improve accuracy of analysis.
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slices are not along principal planes. This distinction is 

important since it affects the method of analysis as discussed in 

Chapter 6.

Model Subslicing

Complete analysis of the models requires further cutting of 

the slices into subslices. Two types of subslices can be cut from a 

slice, Figure G-4:

1) surface subslice, and

2) transverse subslice.

Surface subslicing produces thin (0.015± inch) slices taken parallel 

to the outer and inner free surfaces of the model. Figure 22.

Transverse subslicing results in taking a small parallepiped of 

material through the slice thickness. Figure 22.

Both types of subslices were used during the analysis of the 

T-connection models.

Details of the preparation of the subslices are presented in 

Appendix G.
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Fig. 22 - Surface subslice (left) and transverse subslice (right) cut.
from a T-connection model slice



Chapter 6

STRESS FRINGE ANALYSIS

As discussed in Chapter 5, photoelastic models must be cut 

into two-dimensional slices for analysis. Therefore, it is important 

to establish proper fringe development before cutting the model. This 

was accomplished by determining the material stress fringe constant, 

f(j, from the calibration bar. If the patterns are not fully 

developed, the model and calibration bar can be re-stress frozen.

CALIBRATION BAR ANALYSIS

The material stress fringe constant, fcr, was determined from 

equation

P 
fcr = — , (6-1)

wN

where

P = calibration bar load

w = calibration bar width, and

N = isochromatic fringe order.

Values for w and P were obtained from Tables 1 and 2, 

respectively. Fringe order, N, was determined by observing the stress- 

frozen bar in a- polariscope, Figure 23, adjusted to produce circular 

polarized light (Dailey, 1965). Bars were submerged in a glass tank 

containing 2/3 Hallowax oil and 1/3 Paraffin oil. This mixture has the

56



Fig. 23 - 12-inch diffused light polariscope and bellows camera
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same Index of refraction as the plastic. Thus, model transparency was 

improved without distorting the bar image.

Integer fringe orders were determined by a compensator fashioned 

from a stress frozen calibration bar which was milled wedge shape near 

the center of the shank. Figure 24. Fractional fringe orders were 

measured by Tardy Compensation, Appendix H and Figure 25.

The material stress fringe constants for each model were 

determined before slicing, Table 4.

Calibration Bar

Table 4 

T-Connection Model Material Stress Fringe Constants

Model 
No.

Bar 
No.* a

Load 
P 

(g)

Width 
w 

(inches)

Fringe 
Order

Material Stress
Fringe Constant 

f cr
(psi/fringe/inch)

1 IB-1 941.92 0.251 3.69 2.24

IC-1 978.36 0.253 3.58 2.38

2 2 942.20 0.251 3.78 2.19

3 3 942.10 0.251 3.89 2.13

RB-brace calibration bar 
C-chord calibration bar.

MODEL SLICE ANALYSIS

Analysis of each slice was performed in a manner similar to 

that used on the calibration bars; however, since the brace thickness 

was only 0.050 inch, observation of the fringe pattern was aided by

a telescope and reading glass. Figure 26. Each slice was submerged in 

Hallowax oil solution during analysis and photography to eliminate 

distortion caused by index of refraction changes.
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Fig. 24 - Compensator fashioned from stress frozen calibration bar
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L j

Fig. 25 - Brace calibration bar (left) and chord calibration bar (right) 
for T-connection Model 1." Bars are submerged in glass tank containing 
Hallowax oil mixture
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Fig. 26 - Telescope and reading glass used to improve viewing of thin 
portions of model slices
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The fringe orders were recorded photographically as a means of 

accurately locating the fringes. Figure 27. During analysis of the 

slices from Model 1, it was learned that the fringe could be located 

better if lines were scribed across the slice face at 1/4-inch 

intervals. This technique was used during analysis of Models 2 and 3.

Photographs of the slices were taken with a bellows camera, 

Figure 23, using Tri-X Ortho sheet film, green light, and a Wratten 77 

filter. Sharpest fringes were obtained at f32 aperature opening and 

20 seconds exposure. A light field background .was used while photo­

graphing so as to improve edge resolution. Figure 27.

Stresses in two directions were analyzed: (1) tangential 

stress, o"t , and (2) orthogonal stress, a0 , Figure 28. Results of 

the analyses are given graphically as stress concentration factors, 

Kt and Kq in Appendix I. Kt and Ko are defined as

trt

On
(6-2)

Co

On

where

= tangential stress at the point of interest, psi, Figure 28ot

On
and

= orthogonal stress at theo0

equation (6-2), were selected toStress concentration factors,

present the data because of their extensive use in offshore engineering 

literature (Toprac and Brown, 1966).

Ko

Kt

point of interest, psi. Figure 28.

= nominal tangential stress in the brace remote from the 
intersection curve, psi,
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Fig. 27 - Light field photograph of T-*connection Model 1 - 180° slice 
f = 2.38 psi/fringe/inch, h = 0.224 inch, h.D = 0.050 inch, and hc = 
0?147 inch
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Fig. 28 - 180° slice showing direction of tangential, , 
y0 , stresses on chord and brace surfaces

and orthogonal
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Nominal stress, crn > was calculated from

P P
an=- =------------------------- (6-3)

A n (Db - hb) hb

where

P = load imposed on the model brace, pounds. Table 2

A = brace cross sectional area, square inches

Db = outside diameter of brace, inches 

hb = wall thickness of brace, inches.

Tangential Stress Analysis

Fringe patterns associated with the tangential stresses were 

analyzed by viewing the slice normal to the cut surface, that is, 

parallel to o0 , Figure 28. Patterns seen along the edges of the slice. 

Figure 27, are representative of tangential stresses.

In general, the magnitude of stress can be determined along 

principal planes of symmetry from the fringe patterns using

N fa '
at ~ cro = > (6-4)

h

where

at = O'! = maximum principal stress, psi

O’o = Os = minimum principal stress, psi

N = stress fringe order in the "t" direction 

fa = material stress fringe constant, psi/fringe/inch

h = slice thickness, inches.

Along free edges cr2 = a0 = 0, Figure-28. Thus, equation (6-4) reduces 

to
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NfCT 
at =------ • (6-5)

h

Equations (6-4) and (6-5) are not applicable to the chord 

sections of the 120° and 150° slices. Figure 21, since viewing normal 

to the slice cut surface does not eliminate (j0 . Oblique incidence 

analysis must be used in these portions of the model (Leven, 1966), 

but since the stresses are known to be low in these areas (Toprac 

and Brown, 1966), these chord slices were not analyzed.

Values of o-n were determined by computer for each model. Table 5.

Table 5

Average Tangential Stress in T-Connection Model Brace

Mode 1 Cn 
psi

1 8.39

2 8.00

3 8.48

N was determined as integer fringe orders where possible; however, to 

improve accuracy, fractional fringe orders were determined by Tardy 

Compensation, Appendix H, at many of the lines scribed on the slice 

faces. In areas of high stress, that is, at or near the intersection 

curve, values of N determined from full thickness slices (0.22 to 

0.26 inch) were checked by thinning critical areas of the slices. 

Table 3.

The tangential stress concentration factors, Kt, were calculated 

using equation (6-5) and presented graphically in Appendix I.
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Orthogonal Stress Analysis

The orthogonal stresses, (j0 , were determined for the five 

slices of Model 1, Figures 1-1 through 1-5. The results of this 

analysis indicated the tangential stresses were critical. Thus, 

orthogonal stresses for Models 2 and 3 were not determined.

The orthogonal stresses were analyzed from fringe patterns 

observed in subslices. Appendix G. Two types of subslices were used: 

(1) surface subslices, and (2) transverse subslices. Figure G-4. 

Surface slices were.viewed in the polariscope normal to the model 

surface, that is, parallel to Qr , Figure 28. Orthogonal stresses 

were calculated from equation (6-4) using the previously determined 

values of at the points of interest substituted into the equation. 

The correct form of equation (6-4), that is - cXq or Co "" ct» was 

ascertained by observing the direction of the isoclinic fringes. 

Equation (6-4) was used as shown if the isoclinic was parallel to the 

Mt" direction. If the isoclinic was parallel to "o", then the left 

side of the equation was reversed.

Transverse subslices were viewed in the polariscope normal 

to the free surfaces, that is,- parallel to.at. Figure 28. Orthogonal 

stresses were determined from an equation analogous to equation (6-5) 

since cyr was zero at the free surface.



Chapter 7

ANALYSIS OF RESULTS.

Three photoelastic T-connection models were fabricated, stress 

frozen, and analysed during this investigation. The analysis was 

performed on slices. Figure 21, cut from the stress frozen models. 

Because of symmetry of the models, five slices were adequate to 

provide representative stress distributions, Appendix I.

T-connections were selected because of (1) frequent use in 

platforms, and (2) simplicity of design. Thus, they represent a 

logical beginning for an in-depth investigation of elastic stress 

distributions in tubular connections. In addition, analysis of 

T-connections may be considered as an upper bound solution of the 

maximum stress in more complex in-plane connections, i.e., Y or K- 

connections, since the literature (Toprac 1966c) suggests stress 

concentrations are higher in T-connections than in other in-plane 

connections.

QUALITATIVE ANALYSIS

The visual presentation of stress distributions afforded by 

photoelasticity is a significant advantage offered by this technique 

because areas of high stress gradient can quickly and easily be 

discerned. Even a casual study of the stress fringe patterns suggests 

areas of probable high or low stress concentration because of the 

presence of closely spaced patterns or lack of patterns, respectively.

68
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Thus, it is readily apparent which areas require careful analysis. This 

concept is shown in Figures 29a, b, and c, which are photographs of 

the intersection weld areas (90° slices) of photoelastic Models 1, 2, 

and 3, respectively. It is apparent that (1) the maximum stress 

probably occurs at the intersection weld toe, because of the high 

density of fringes, and (2) the magnitude of stress concentration 

increases as the chord becomes thinner because of the increasing 

number of fringes. Carrying qualitative analysis a step farther 

results in making a reasonable selection of the probable best design, 

i.e., all other things being equal, the connection with the thickest 

chord, Figure 29a, would be preferred since the magnitude and gradient 

of stress appear smallest.

MODEL SCALING

The validity of any experimental analysis depends on the 

accuracy with which the prototype is modeled, fabricated, and loaded. 

Scaling factors were selected carefully to provide true models of 

prototype connections. Also, the magnitude of load was purposely 

restricted to assure development of elastic stresses.

Modeling

The experimental stress analysis is limited to in-plane 

T-connections having the dimensionless ratios shown in Table 1. While 

restricted in number, the ratios are representative of those either in 

use on existing platforms or on platforms under construction. The 

current trend is toward thick chord members, a move which is well founded 

based on the results of this photoelastic investigation.



Fig. 29 - Qualitative comparison of stress concentrations in T-connection models having a) t = 0.354 
b) t ~ 0.486, and c) r ~ 0.610

o
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The scaling of tubular members is relatively simple and veil 

documented (Murphy 1950). On the other hand, scaling of butt welds, 

as used at the chord-to-brace intersection, presents considerable 

difficulty. This is particularly true of steel models because cf the 

difficulty of controlling the weld deposit size in relation to the 

model size. Comparisons of welds, from steel models (Toprac 1966c) 

with those shown in Figure 29 indicate that the photoelastic model 

welds are in better proportion to the brace and chord wall thickness. 

In general, the weld- size for steel model approximates the brace wall 

thickness 'whereas the photoelastic weld is about 20 percent of the 

brace wall thickness and thus closely conforms to prototype welding 

practices.

The major difference between the prototype weld and the photo- 

elastic weld is in the weld reinforcement existing inside of the brace. 

The photoelastic weld has a definite weld bead visible on the inside 

surface of the brace, Figure 29, that does not exist in the prototype 

or steel model connection. This weld probably has little effect on 

the stress distribution at the intersection since in steel connections 

every effort is made to provide a full penetration weld of the brace to 

the chord. If the photoelastic inside weld reinforcement has an effect, 

it most probably is to decrease the stress concentration at the inter­

section because of the increased area of contact between brace and chord.

Fabrication

Literature (Godden 1969) indicates that plastic model 

components made by machining have inherent inaccuracies, i.e., cut of 

roundness and taper. During this investigation, careful measurements 
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were made of each model after assembly, Appendix B. The measurements 

indicate a maximum (1) ovality of 0.25 percent, and (2) taper of 

0.001 inch/inch of length, which are well within permissible limits 

(API 1969) for commercial tubular components for platforms. In 

addition, the accuracy of the photoelastic models compares favorably 

with the one percent accuracy for plexiglass true models of a pipeline 

Y-connection recently reported by Godden (1969).

Loading

Accurate loading of the photoelastic models is adequately 

demonstrated by the symmetry of the connections after stress freezing. 

Appendix B. Also, the absence of bending moments applied to the 

brace during loading can be noted from (1) lack of change in the. brace 

end-angle, and (2) uniformity of elongation of the brace. Further, 

the magnitude of load was satisfactory since adequate fringe patterns 

were formed. Figure 29, without excessive deformation as discussed 

below.

CONNECTION DEFORMATIONS

Directly associated with the accuracy of the stress analysis 

of the photoelastic models is the change in shape of the models during 

stress freezing. Since stress freezing locks in deformations, it must 

be recognized that the models will deform under the imposed load.

The deformation of the indivfdual components is representative 

of the shape taken by the prototype connection under similar load; 

however, the correlation only can be qualitative since the elastic 

modulus and Poisson ratio for plastic are vastly different from those 

for steel.
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Photoelastic Model Deformations

The photoelastic model lends itself admirably to the observation 

of deformations of tubular connections under load because the displace­

ments are large and the model is sufficiently small to permit accurate 

measurements. Careful measurements of brace and chord diameters, 

lengths, and end-diaphragm angular changes were made after each model 

was stress frozen.

The measurements indicate that both the chord and brace become 

oval shaped when a tensile load is applied to the brace end. Figure 30. 

As would be expected, the chord cross section elongates in the direction 

of the load application; however, the brace cross section elongates in 

the plane normal to the chord generator; i.e., the brace diameter shorten 

parallel to the chord generator.

Chord radial deformations. Chord diameters were measured 

before and after stress freezing in the XY and XZ planes, Figure 30, 

and Appendix b. These planes were selected because they represent the 

principal planes of s^munetry and as such they would experience the 

maximum displacements. The chord ovalled as a result of imposing a 

tensile load on the brace, Figure 10. The long axis of the chord oval 

was parallel to the Z-axis, Figure 31, and the short axis was parallel 

to the Y-axis, Figure 32. As expected, the ovalling was more pronounced 

at the center of the chord than at the ends because of the effect of 

the end diaphragms and the application of the load at the center of the 

model.

The maximum chord displacement occurred along the generator 

passing through the brace axis, apex generator, Figure 33. The
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Fig. 30 - Schematic representation of deformed shape of T-cormection models after stress freezing



CHORD DIAMETER CHANGE, INCHES

Fig. 31 - Chord diameter change in XZ plane resulting from stress freezing
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Fig. 32 - Chord diameter change in XY plane resulting from stress freezing



DISPLACEMENT, INCHES

Fig. 33 - Profile of chord APEX generator resulting from stress freezing Model 3
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deformation of the chord generator opposite the brace, i.e., back 

generator, was relatively small. For Models 1 and 2, this deformation 

was so small that no measurements were considered necessary. Sub­

slicing of the models precludes the possibility of obtaining these 

measurements now. However, the displacement of the back generator 

of Model 3 was visually apparent .and measurements were taken. As a 

result of the brace tensile load, the back generator was displaced 

outward away from its unloaded position, Figure 34. This movement 

suggests (and was confirmed by analysis of the model slices) that 

large bending stresses are imposed on the chord by the brace loading.

Comparing the radial deformations parallel to the Y and 7,-axis 

shovzs that the maximum deformation occurs parallel to the Z-axis, 

Figures 31 and 32, and is equal to 4.75 percent of the original chord 

diameter. Table 6. This magnitude of radial deformation is less than 

half of the maximum permissible deformation of 10 percent which would 

preclude satisfactory analysis of elastic stress distributions in 

photoelastic models (Murray 1969). Based on the geometry of the 

connections and the loads imposed during this study, deformations 

would exceed the maximum permissible amount at a r-ratio of about 

0.75, Figure 35. Thus, in order to stress freeze a model having a 

T-ratio of 1, the load would have to be reduced.

The chord end-diaphragms appear to have an important effect- 

on the shape of the chord deformed shape since the chord cross section 

becomes round close to the diaphragm, Figure 34. It is believed that 

the oval shape would persist for a greater distance if the chord was 

longer.



CHORD DISPLACEMENT, INCHES

kO

Fig. 3^ - Profile of chord back - generator resulting from stress freezing Model 3



Fig. 35 - Limiting T-ratio to preclude excessive deformation 00 
o



T-Connection Model Maximum Deformations

Table 6

Model

__________________ Diameter______ ._____________
Lengtha Angular Displacement 

ChordChord Brace
Chord Brace Back

Generator
Percent0

Apex
Generator
Percent0

Right
Percent0

Left
Percent0

XY-Plane 
Percent11

XZ-Plane
Percent11

XZ-Plane 
Percent15

YZ-Plane
Percent'3

Right 
in

Left 
in

1 -1.28 +2.39 -0.54 +0.45 -0.11 +0.13 +0.19 +0.16 +0.026d +0.028d

2 -2.34 • +2.29 -0.80 +0.76 -0.05 +0.17 +0.16 +0.17 +0.025 +0.023

3 -4.75 +4.11 • -1.19 +0.93 -0.14 +0.17 +0.17 +0.16 +0.022 +0.021

Measured in XZ plane.
bExpressed as a percentage of component diameter. Plus sign indicates an increase in dimension; minus sign indicates 
a decrease in dimension.

cExpressed as a percentage of component length. Plus sign indicates an increase in dimension; minus sign'indicates 
a decrease in dimension.

dPlus sign indicates inward displacement from vertical measured from bottom of chord after stress freezing, Figure B-l.

oo
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Chord axial deformation. The chord undergoes a marked axial 

length change under load, Tables 6 and 7, i.e., (1) the chord apex 

generator and center line lengthen and (2) the chord back generator 

shortens. Figure 36. The back generator length measurement after 

stress freezing, for Model 3, appears in error since the slope of the 

curve representing Model 3 is different from the other two models. 

Figure 36. This is seen more clearly in Figure 37, which compares 

the change in half chord length with the average end displacement. 

Here the comparison suggests an error of about 0.008 inch in the 

measured half-length change for Model 3. Unfortunately, no method 

is available to recheck the accuracy of the chord measurement since 

slicing destroyed the model. Applying the 0.008 inch correction io 

the chord length of Model 3, Table 7, the chord end-displacement, 

correlates well with the values for the other models, Figure 36.

Table 7

Photoelastic T-Connection Model Chord Axial Deformations 
After Stress Freezing

aCorrected by 0.008 inch based on Figure. 37.

Model

Chord Half Length Change
Along Apex 
Generator 

inches

Along Back- 
Generator 

inches

1 0.0129 • -0.0105

2 0.0169 -0.0051

3 0.0163 -0.0134
(-0.0054)=

Chord end displacements, as measured by angular displacements of

the chord end-diaphragms, Table 8, are reasonably similar, i.e.,



Fig. 36 - Chord end displacements resulting from stress freezing
oo
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AVERAGE CHORD DIAPHRAGM MOVEMENT 

RELATIVE TO APEX GENERATOR CHANGE, INCHES

Fig. 37 - Comparison of chord axial length change resulting from stress 
freezing
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0.004 inch variation. Figure 38. A maximum variation of 0.005 inch in 

the chord half length is evident from Figure-36 (based on using the 

Model 3 corrected value). In addition. Figure 36 suggests that the 

magnitude of chord length reaches a maximum somewhere near a T-ratio 

of 0.5 for the models tested. No conclusion can be drawn from Figure 38 

relative to the end diaphragm angular change since (1) at the right-hand 

end of the chord, the displacement increases as the t~ and y-ratios 

decrease, and (2) at the left-hand end, the displacement shows no 

consistent trend. It- is believed that the trend indicated at the 

right-hand end is correct since the back generator radial displacement 

is small, thus causing a substantial end rotation even for moderate 

apex generator lengthening. Slicing of the model preparatory co 

analysis precludes the possibility of re-assessing the end diaphragm 

rotations.

Table 8

Photoelastic T-Connection Model Chord-End Diaphragm 
Displacements After Stress Freezing

Model .

Chord-End Diaphragm Movement Relative 
to Apex Generator Length

Left-Hand End 
inches

Right-Hand End 
inches

1 0.028 0.026

2 0.023 0.025

3 0.027 0.022

Brace radial deformation. The brace also experiences ovalling 

as the result of axial loading. It is reasonable to expect that the 

decrease in the chord transverse diameter, Figure 32, would cause a
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CHORD DIAPHRAGM MOVEMENT RELATIVE TO APEX GENERATOR 
INCHES

Fig. 38 - Chord-end diaphragm angular displacements resulting from stress
freezing
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corresponding decrease in the brace diameter at the intersection. How­

ever, this was only partially realized since the brace diameter 

decreased in the YZ plane only immediately above the intersection and 

then abruptly increased in diameter. Figure 39. Conversely, the brace 

diameter increased in the XZ plane immediately above the intersection 

and then became smaller, Figure 40. These unpredicted deformations, 

Figure 30, are the result of localized bending of the chord wall near 

the intersection as previously discussed. The influence of this 

bending dissipates quickly, i.e., within 1/4 of brace diameter. 

Figures 39 and 40. Figures 39 and 40 show that (1) the maximum brace 

diameter change occurs at a distance of about 1.5 times th*-  brace 

diameter above the intersection curve, and (2) the magnitude of the 

brace cross section deformation is proportional to the r-ratio.

The shape of the brace cross section is affected by the 

presence of the rigid aluminum brace end-diaphragm which forces the 

brace to return to the original circular shape at eight inches (four 

brace diameters) from the intersection, Figures 39 and 40.

Brace axial deformation. As anticipated, the brace elongates 

uniformly under load since all models were provided with almost 

identical brace components. Appendix B. The elongation averaged about 

0.013 inch for each model. Elongation of the brace is independent 

of the T-ratio, as would be expected, Appendix B.

Comparison of Photoelastic Model and Steel Model Deformations.

Dimensional analysis correlating deformation with mechanical 

and geometric properties (Murphy 1950) indicates model distortions
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CHANGE IN BRACE DIAMETER, INCHES

Fig. 39 - Brace profile in YZ plane resulting from stress freezing
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CHANGE IN BRACE DIAMETER, INCHES

ig. 40 - Brace profile in XZ plane icsulting from stress freezing
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will exist if the following ratios, equation (7-1), are not 

satisfied, or distortion factors are not determined.

6 £ P Cy cry G
— f — ’ 5 ? 5

L L EL2 E Ty E
(7-1)

where

6 = displacement

= any length dimension

L = chord length

P - load

E = elastic modulus

(7v = tensile yield strength

Ty = shear yield strength

G = shear modulus.

Noel (1965) and Toprac (1966a) reported chord radial displace­

ments as part of an investigation of T-connection models fabricated 

from steel pipe. Kone of the steel models possessed dimensionless 

ratio, a, |3, y, or t, similar to the photoelastic models. Tirus, 

distortion factors must be determined, but this requires either 

(1) experimental data, or (2) theoretical analysis (Murphy 1950).

Since it is desired to correlate experimentally determined displacements, 

the same experimental data cannot be used for establishing the distortion 

factors. Further, no adequate or even acceptable theoretical analysis 

of tubular connections is available, thus, no.method is available, to 

qualitatively correlate the chord radial displacements. However, to 

provide a qualitative relationship. Model 5 (Noel 1965) was compared 

with photoelastic Model 3. It is evident. Table 9, that distortion
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exists since the a., p, y> an^ t~ratios are different for the two models.

Comparison of Model Geometry

Table 9

Ratio Photoelastic Model 3 Steel Model 5 
(Noel 1965)

a 4.91 2.78

P 0.50 0.645

V 24.4 17.25

T 0.61 0.75

Qualitatively, the chord cross section shapes are similar, 

i.e., the chord becomes oval when tensile loads are applied. In both 

the steel and photoelastic models, the long axis of the oval is parallel 

with the brace axis. Table 10.

Table 10

Comparison of Radial Displacements for 
Steel Model 5 (Noel 1965) and Photoelastic Model 3

Location

_____________Radial Displacement_____________
Steel Model 5 Photoelastic Model

(load-31,600 lbs) (load-2.6 lbs)
inches inches

Back generator 0.005 0.0325

Apex generator 0.030 0.141

Side generator -0.050 -0.0955

The back generator displacements for both models are in the 

same direction, i.e., move opposite to the direction of load application 

Figure 34. Also, the back generator movement represents the smallest 
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deformation, reported. This is verified also by the low magnitude of 

stress in this portion of the chord, Figure 1.-5, 10 and 15. The apex 

generator displacements for the two models are also in identical 

directions, i.e., in the direction of the load application. However, 

the apex generator displacement of the photoelastic model is the 

largest deformation reported whereas the apex generator displacement 

is not the largest deformation reported by Noel' (1965) for the steel 

model. Table 10. The side generator displacement is the largest 

reported.

The displacement of the side generators for the models is 

inward, Figures 30 and 32. Movement of the side generator represents 

the largest recorded displacement for the steel model. This is 

decidedly different than the measured displacements for the photo­

elastic model. It is believed that the difference in the location of 

the maximum chord radial displacements between the steel and photo­

elastic models is due to the difference in chord end constraints. The 

photoelastic model was loaded without appreciable end moments being 

imposed, Figure 10. The steel model was restrained by end diaphragm 

fixtures xvhich imposed end-moments (Noel 1965). This prevents movement 

of the end diaphragms which lessens the change in length of the back of 

apex generators.

STRESS DISTRIBUTIONS

Inner and outer surface stresses for the photoelastic 

T-connection models are reported as stress concentration factors, Kt 

and Ko, Appendix I, xvhich are based on the principal stress and the 

nominal brace stress, P/A, equation (6-2). Stress concentration 



93

factors are used because (1) of wide acceptance in industry (Carter 

1969) and (2) they facilitate comparison of stress values with other 

true models, assuming the difference in Poisson ratios is neglected 

(Mershon 1966).

Chord Stress Concentration Factors

The highest stress in the photpelastic T-connection models 

occurs on the outside surface of the chord at the toe of the inter­

section weld of the 90° slice. Figure 2a point A, and in the circum­

ferential direction, Figure 1-5, 10 and 15. The magnitude of the 

maximum stress in the chord around the intersection increases as the 

chord wall thickness decreases. Figure 41, i.e., as the y-ratio or 

y-ratio increase, and ranges from 5.76 to 13.28 for (1) y-ratios 

ranging from 0.354 to 0.610 and (2) the T-connection geometries shown 

in Table 1. Localized bending of the chord in the proximity of the 

intersection causes this high stress concentration. This is best 

observed by noting that the brace wall displaces at and immediately 

above the intersection weld. Figures 39 and 40, and because of continuity 

between the brace and chord at the intersection, the brace follows the 

movement of the chord vzall. This means that the chord bends locally 

since the chord wall stresses dissipate quickly away from the inter­

section, Figures 1-5, 10, and 15. The bending can be perceived in the 

chord wall of Model 3, Figure 29c. The occurrence of local chord 

bending is further substantiated by observing that a high compressive 

stress develops on the inside of the chord wall opposite the intersection 

of the 90° slices, Figures 1-5, 10, and 15.
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STRESS CONCENTRATION FACTOR, Kf

0.3 0.4
T-RATIO

0.6 0.7

Fig. 41 - Variation of tangential stress concentration factors on 
the chord outside surface of the 90= slice of the photoelastic 
T-connection models; a, = 4.91, B = 0.05, and 13.62 < y < 24.40
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The presence of the maximum chord outer surface stress at the 

toe of the intersection weld of the 90° slice was reported by Noel 

(1965) and Toprac (1966c) as the result of an experimental investigation 

of steel models. Unfortunately, no direct comparison between photo­

elastic model stresses and steel model stresses can be made because 

none of the photoelastic models represent true models of the Noel 

(1965) T-connections. However, in general, Noel's (1965) results 

show the same trend as obtained from the photoelastic analysis, 

namely, the peak stress increases as the chord wall becomes thinner. 

Figure 41.

Four steel models were investigated by Toprac (1966c). The 

dimensionless ratios, cc> 8> Y> and T, for these models approximate 

ratios for photoelastic Model 3, Table 11. Thus, an approximate 

correlation was undertaken. It must be emphasized that because of the 

lack of true similitude between the models, no firm conclusions can be 

drawn from the comparison.

Based on straight line interpolation of the Toprac (1966c) 

data, the maximum stress concentration factor for the 90° slice is 

14.2 This compares with 13.28 for photoelastic Model 3, Figures 41 

and 1-15. This difference in the concentration factors can be 

accounted for by the difference in geometry. Table 11. The stress 

concentration factor for the steel model should be higher than for the 

photcelastic model because as the a., y, and r-ratios increase, the 

stress concentration increases (Noel 1965). The.magnitude of these 

combined effects is unknown; however, the steel model stress 

concentration factor should be higher than the photoelastic model

factor.
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. Table 11

Comparison of Model Geometry

Ratio Toprac
1

(1966c) Steel Model
4

Photoelastic Model----
32 3

a 7.55 7.55 7.55 7.55 4.91

P 0.186 0.315 0.840 1.00 0.50

Y 25.5 25.5 25.5 25.5 24.4

T 0.87 0.91 1.00 1.00 0.61

The maximum chord outer surface stress for the 180° slice is 

an axial stress, i.e., parallel to the X-axis and occurs immediately 

outboard of the weld toe, Figures 1-1, 6, and 11. Again, the stress 

pattern is directly associated with the local bending of the chord 

wall near the intersection. This is indicated by the displacement of 

the brace, Figure 39. The associated chord bending tends to decrease 

the chord stress at the intersection.

The magnitude of the maximum stress on the outside surface of 

the 180° slice, apex generator, increases as the chord wall becomes 

thinner, and ranges from 3.92 to 4.54 for (1). T-ratios ranging from 

0.354 to 6.10 and (2) the T-connection geometry shown in Table 1, 

Figure 42. These values are low by a factor of about two in comparison 

with those reported by Noel (1965) and Toprac (1966c). However, the 

cc-ratios for the steel models are about twice as large as for the 

photoelastic models. Graff (1970) and Toprac (1966c) indicate that 

the chord length has a major effect on the stress around the intersection. 

Toprac (1966c) shows that at a g-ratio of 0.5, doubling the chord length 

will about double the axial stress in the chord, t and y-ratio changes



Fig. 42 - Variation of tangential stress concentration factors on the chord outside surface of 180° slice 
of photoelastic T-connection models, cc = 4.91, p = 0.5,. and 13.62 < y < 24.40
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appear to have only minor effects on the axial stresses (Toprac 1966c). 

Thus, the photoelastically determined concentration factors for the 

180° slice appear reasonable.

The stress distributions in the 180° slices, back generators, 

are uniform and of low magnitude, Figures 1-2, 7, and 12. No unusual 

information results from this analysis. The maximum stresses are 

associated with the thin wall model (Model 3) because of the chord wall 

bending. Figure 34.

Brace Stress Concentration Factors

Brace stress concentration factors in the tangential direction, 

Figure 28, were determined for all five slices. The orthogonal stresses 

were determined only for Model 1. The other two models were not analyzed 

for orthogonal stress since it appeared that they would not be critical..

The distribution of intersection tangential stresses on the 

outside surface of the brace indicates a monotonic increase as the 

brace angle |, Figure 21, increases from 0 to 90°, Figure 43. In 

addition, a substantial stress variation exists through the brace wall. 

Appendix I. •

Assuming a linear distribution of stress through the brace wall 

permits a comparison of the areas under the stress distribution curves. 

Figure 44. This area is proportional to, the total brace load. Agreement 

is very good between Models 1 and 2, the difference being two percent. . 

The total load for Model 3 as determined from Figure 44 is about 

seven percent too low, indicating that the stress concentration factors 

are too small. A study of Figure 44 suggests that the stress concen­

tration factors at the 30° and 60° (120° and 150°) slices are most likely

in error.



Fig. 43 - Distribution of brace outside surface tangential stress concentration factors along the 
intersection weld



Fig. 44 - Distribution of average brace -tangential stress concentration factors along the 
intersection weld

00
1



101

A rc-analysis of the slices did not improve the stress values 

because of the difficulty of discerning the stresses on the inside 

surface immediately adjacent to the weld due to the ,fhillsideff weld 

between the brace and chord at these locations. Nevertheless, the 

resulting accuracy is reasonably close to the five percent suggested 

by Leven (1966).

Weld Stresses

The stress distributions shown in Appendix I exclude stresses 

within the weld because there was insufficient data to demonstrate 

that the stress fringes would be visible with the butt weld. Jn some 

slices, the transparent gluing technique. Appendix F, provides easily 

observable fringe patterns within the weld when the slice is full 

thickness, Figure 45. Patterns in other slices could be made clear 

by milling the slice thin, Figure 46, thus eliminating the tunnel 

effect caused by a small tunnel-like weld. To fully utilize this 

technique, a calibration bar should be made from ’’weld" cement and the 

material fringe value determined.

Effect of Variation of Stress through the Connection Walls

Localized bending of the. chord results in large variations of 

stress through the chord and brace walls, Figure 29. The presence of 

large stress variation through the wall .casts severe doubt on the 

accuracy of stress values at or near the intersection when predicted 

by membrane theory such as done by Dundrova (1965). In addition, any 

shell theory which incorporates bending must be carefully selected so 

as to be capable of accommodating rapid changes in wall thickness stress 

variations.
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Fig. 45 - Stress fringe pattern in intersection weld of 120° slice 
of T-connection Model 1. Slice thickness is 0.250 inch
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Fig. 46 - Stress fringe pattern in intersection vzald of lc0° 
slice of T-connection Model 1. ' Slice thickness is 0.136 inch
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Design Considerations

This photoelastic study has demonstrated the capabilities of 

the technique to provide a visual portrayal of stresses within a 

tubular connection. The analysis of the fringes indicate the presence 

of high stresses in the chord along the intersection weld. Localized 

bending causes the high stress but the bending dissipates quickly away 

from the weld, and, in fact, the majority of the chord wall is lightly 

stressed. Figures 1-5, 10, and 15. Thus, if economically attractive, 

consideration should be given to forming the T-connection chord can,

i.e.,  chord section in the immediate vicinity of the tubular connection, 

from plates having two thicknesses, the thicker plate extending from 

cp = -90° to +90° across the positive Z-axis and the thinner plate 

extending from rp = +90° to -90° across the negative Z-axis. This 

design would decrease the weight of steel used without proportionally 

decreasing the connection strength.

The above suggestion does not encompass the saddle or ring 

reinforcement type of chord thickening, Figure 2g and h, since the 

resulting chord is layered and thus has almost no improvement in 

resistance to radial bending.



Chapter 8

CONCLUSIONS

1. Three-dimensional photoelasticity has been demonstrated to 

provide detailed stress distributions of tubular structural T-connections 

even in areas of high stress concentration.

2. Maximum stress in the chord occurs at or very near the 

intersection weld for all locations around the brace.

3. The maximum chord stress in the T-connection models 

investigated occurs at the intersection weld of the transverse slice, 

cp = 90°.

4. The high stress at the intersection weld is caused by local 

bending of the chord wall.

5. The chord does not act as a beam in bending because the 

neutral axis shifts and the chord cross section deforms.

6. The stress decreases rapidly away from the intersection weld 

along both the chord and brace.

7. The stress varies rapidly through the brace and chord walls 

thus imposing severe restrictions on the type of shell theory which can 

be used satisfactorily in analytic solutions.

8. During loading, the chord becomes ovalled with the long 

axis parallel to the tensile load axis.

9. The brace also becomes ovalled under load. The direction 

of the short axis is parallel to the chord generator when the brace is 

loaded in tension.

105
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10. Economics permitting, the chord section containing the 

intersection can be fabricated from two plates having two thicknesses 

and two longitudinal welds. The thicker plate should contain the 

positive Z-axis of the T-connection.

11. Saddle-type reinforcements are not satisfactory for 

increasing the thickness of chord walls.
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EQUIPMENT AND MATERIALS

Photoelastic Resins

EPON 815® and EPON 828®

Vendor: The Ring Chemical Company

Houston, Texas

Resin Curing Agent

Diethylaminopropylamine (DEP)

Vendor: The Ring Chemical Company

Houston, Texas

Mold Release

RAM Mold Release 225

Manufacturer: RAM Chemicals

Gardena, California

A-2

Epoxy Adhesive

Ring Epoxy Adhesive

Vendor: The Ring Chemical Company

Houston, Texas

Machine Tools

Monarch Geared-head Lathe, 13-inch size

Manufacturer: The Monarch Machine Tool Company

Sidney, Ohio 



A-3

Van Norman Vertical Spindle Milling Machine, Model 36 

Manufacturer: Van Norman Machine Tool Company 

Springfield, Massachusetts

Cincinnati Numerically Controlled Acramatic No. 3 Cintimatic- 

200 Series Control Vertical Spindle Milling Machine 

Manufacturer: The Cincinnati Milling Machine Company

Cincinnati, Ohio

Polariscope

12-inch diameter, diffused light polariscope

Manufacturer: Polarizing Instrument Company

Irvington, New York

Light Box

18-inch x 18-inch x 6-inch deep opal glass front light 

cabinet with 9 white and 8 green 15-watt fluorescent lamps 

Vendor: Shop made

Camera

Polarizing Instrument Company view camera, 8-inch x 10-inch 

with 72-inch bellows

Manufacturer: Polarizing Instrument Company

Irvington, New York

Lens and Shutter

Wollensak 13-inch focal length, f 6.8, series IA RAPTAR lens 

with ALPHAX Synchromatic shutter

Vendor: Polarizing Instrument Company

Irvington, New York
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Filter

Wratten 77 filter, 3-inch square

Manufacturer: Eastman Kodak

Rochester, New York

Photographic Film

Tri-X Ortho Sheet Film, 8-inch x 10-inch

Manufacturer: Eastman Kodak

Rochester, New York

Photographic Paper

F-5 AZO paper, 8-inch x 10-inch

Manufacturer: Eastman Kodak

Rochester, New York

Hallowax Oil

Hallowax oil No. 1007

Vendor: E. H. Sargent Company

Dallas, Texas

Paraffin Oil

Paraffin oil, 125-135 cp viscosity

Vendor: Fisher Scientific

Houston, Texas

Oven

Shop made oven

Inside dimensions: 43 inches wide x 48 inches deep

X 54-3/4 inches high
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Outside dimensions: 59 inches wide x 51-1/2 inches deep

X 83 inches high

Temperature range: 75-300°F

Controller: Whellco with adjustable, set point

Grinder

Series 6 Dumore Super Flex Grinder

Vendor: Wessendorf and Nelms

Houston, Texas

Drill Press

Series 16 Dumore Hi-Speed Drill Press

Vendor: Wessendorf and Nelms

Houston, Texas

Marking Ink

Dyken Steel Blue DX-100 Marking Ink

Vendor: Briggs-Weaver Machine Company

Houston, Texas

Surface Plate

Black Granite Surface plate, 36 inches x 72 inches

Manufacturer: DoALL Company

Des Plaines, Illinois

Height Gage

Vernier Height Gage, 24 inches

Manufacturer: DoALL Company

Des Plaines, Illinois
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APPENDIX B

DIMENSIONS OF T-CONNECTION PHOTOEIASTIC MODELS

Each model was carefully measured before and after stress 

freezing. Chord diameters were measured every 1/2 to 1 inch with 

a micrometer caliper. Figure B-l. Brace diameters were measured 

every 1/4 to 1 inch. The measurements and the changes resulting 

from stress freezing are given in Tables B-l to B-3 for photoelastic 

Models 1 to 3, respectively.



Fig. B-l - Dimension location map of T-connection models Bd I 
UJ
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Table B-l

Dimensions of T-Connection Model 1

A. Chord Diameter

Designation Distance 
in

Before Stress
Freezing
De v t
in in

After Stress 
Freezing

D=V DcT
in in

Change
ADeV ADcT
in in

Lclo 0 - 4.0050 -■ 3.9539 - -0.0511

L , . c L JL % - 4.0040 - 3.9572 - -0.0468

^Cl2 1 4.0040 4.0038 4.0639 3.9580 0.0599 -0.0458

L3 1% 4.0031 4.0038 4.0612 . 3.9619 0.0581 -0.0419

■^c L4 2 4.0031 4.0039 4.0576 3.9648 0.0545 -0.0391

LCL5 2% 4.0031 4.0035 4.0525 3.9701 0.0494 -0.0334

LCLS 3 4.0037 4.0034 4.0485 3.9739 0.0448 -0.0295

L=L7 4 4.0037 4.0040 4.0390 3.9822 ' 0.0353 -0.0218

LB 5 4.0036 4.0041 4.0316 3.9905 0.0280 -0.0136
^CL9 6 4.0036 4.0043 4.0237 3.9972 0.0201 -0.0071
Lclio 7 4.0036 4.0044 4.0181 4.0036 0.0145 -0.0008
L=lii 8 4.0035 4.0040 4.0126 4.0045 0.0091 -0.0005

^cRl 1, *2 - 4.0040 - 3.9549 - -0.0491
LcR2 1 4.0036 4.0040 4.0630 3.9571 0.0594 -0.0469
LcR3 1% 4.0030 4.0040 4.0605 3.9590 0.0575 -0.0450
LcR4 2 4.0026 4.0040 4.0570 3.9622 0.0544 -0.0418

^CR5 2% 4.0030 4.0040, 4.0527 3.9676 0.0497 -0.0364
LcR6 3 4.0030 4.0030 4.0472 3.9710 0.0442 -0.0320
LcR7 4 4.0030 4.0032 4.0403 3.9808 0.0373 -0.0224

■^oRB 5 4.0028 4.0030 4.0307 3.9871 0.0279 -0.0159

^cR9 6 4.0028 4.0026 4.0236 3.9948 0.0208 -0.0078

^cR 10 7 4.0027 4.0026 4.0186 4.0008 0.0159 -0.0018

■^cRll 8 4.0030 4.0032 4.0130 4.0033 0.0100 0.0001
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Table B-l (Cont'd.)

Dimension of T-Connection Model 1 (Cont'd.)

B. Chord Length

Before Stress
Freezing

Lc T Lc 8
in in

After Stress
Freezing

LcT Lcb
in in

. Change 
iLcT 
in

Alcb 
in

19.654 19.655 19.6330 19.6808 -0.0210 0.0258

C. Chord End Angular Displacement8

Before Stress Freezing After Stress Freezing Change
6r t 
in

6r8 
in

6lt 
in

6Lb 
in

6r t 
in in

8lt 
in

^LB 
in

A6R T 
in

A6rb 
in

A5lt 
in

A5lB 
in

0.003 0.000 0.000 0.004 0.029 0.00 0.024 0.00 0.026 0.0 0.024 -0.004

8 Positive values measured from the vertical toward the center of the connection
D. Brace Diameter

Designation Distance 
in

Before Stress 
Freezing 
Db L Db T

After Stress
Freezi

DbL 
in

uiicir 
ns AnDbT ADbL

V mm

ige
^bT 
inin in

Lb-i -X - 2.0098 •* 2.0097 -0.0001

LbO 0 - 2.0099 - 2.0090 -0.0009

Lb! X . 2.0075 2.0091 2.0062 2.0090 -0.0013 0.0
Lb8 X 2.0078 2.0090 2.0071 2.0121 -0.0007 0.0030

LbS 1 2.0085 2.0090 2.0019 2.0142 -0.0066 0.0052

Lb4 1X 2.0086 2.0081 1.9997 2.0172 -0.0089 0.0091

LbS 2 2.0084 2.0084 1.9986 2.0172 -0.0098 0.0088

Lb6 ix 2.0089 2.0080 1.9981 2.0188 -0.0108 0.0108

Lb7 3 2.0085 2.0085 1.9976 2.0173 -0.0109 0.0088
T "be 4 2.0083 2.0083 1.9990 2.0148 -0.0093 0.0065

Lbg 5 2.0090 2.0090 2.0025 2.0108 -0.0065 0.0018

O 6 2.0088 2.0070 • 2.0058 2.0088 -0.0030 0.0018
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Table B-l.(Cont'd.)

Dimension of T-Connection Model 1 (Cont'd.)

8.011 8.004 8.026 8.017 ' 0.015 0.013

E. Brace Length

Before Stress After Stress Change
ALbR 
in

Freezing
LbR Lbt

Freezing
LbR in

in in in in

F. Brace End Angular Displacement5

aPositive values measured from the vertical toward the center 
of the connection.

Before Stress Freezing After Stress Freezing Change
6n • 6N. 6f asn
in in in in in in

0 0.010 0.0 0.010 0.0 0.0
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Table B-2

Dimension of T-Connection Model 2
A. Chord Diameter

Before Stress After Stress

Designation Distance 
in

Freezing
D v D„ +• c V c T
in in

Freezing
D y D -c v o T
in in

UllclUg
ADov 
in

e
ADeT 
in

•^clo 0 - 4.0093 - 3.9162 - -.0931

L=L1 1, 'Z * 4.0090 - 3.9165 - -.0925

LcL2 1 4.0099 4.0091 4.1017 3.9216 .0918 -.0875

L3 u 4.0101 4.0090 4.0980 3.9270 .0879 -.0820

^CL4 2 '4.0098 4.0091 4.0932 3.9332 .0834 -.0759

LC L5 7^ 4.0099 4.’0089' 4.0895 3.9395 .0796 -.0694

LCL6 3 4.0098 4.0087 4.0811 3.9455 .0713 -.0632

L=L7 4 4.0095 4.0088 4.0668 3.9598 ,.0573 -.0490

^CLS 5 4.0080 4.0087 4.0550 3.9735 .0470 -.0352

■^c L9 6 4.0080 4.0079 4.0400 3.9869 .0320 -.0210

^CL 10 7 4.0070 4.0079 4.0310 3.9963 .0240 -.0116

^cl 11 8 4.0070 4.0079 4.0171 4.0038 .0101 -.0041

^cR 1 % - 4.0099 ■- 3.9168 - -.0931

LcR 2 1 4.0105 4.0099 4.1010 3.9205 .0905 -.0894

■^cRS 1% 4.0105 4.0103 4.0990 3.9245 .0885 -.0858

LC R4 2 4.0105 4.0110 4.0922 3.9340 .0817 -.0770

^CR5 2% 4.0106 4.0113 4.0868 3.9380 .0762 -.0733

LcR6 3 4.0107 4.0110 '4.0852 3.9490 .0745 -.0620

LcR7 4 4.0107 4.0110 4.0681 3.9598 .0574 -.0512

^c-R 8 5. 4.0107 4.0008 4.0540 3.9727 .0433 -.0281

•^cRS 6 4.0103 4.0095 4.0397 3.9850 .0294 -.0245

LcR 10 7 4.0103 4.0090 4.0290 3.9992 .0187 -.0098

^cRH 8 4.0100 4.0085 4.0184 4.0032 .0084 -.0053
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Table B-2 (Cont'd.)

Dimension of T-Connection Model 2 (Cont'd.)

B, Chord Length

Before
Frees

L T C T 
in

Stress' 
sing

Lcb '
in

After Stress
Freezing

L T L „C T cB
in in .

Change
^LcT 
in

^Lcb 
in

19.685 19.680 19.6747 ' 19.7138 -0.0103 0 .0338

8 Positive values measured from the vertical toward the center of the connection

C. Chord End Angular Displacement8

Before Stress Freezing After Stress Freezing Change
T 

in
6rb 
in

6lt 
in

6lb 
in

6r T 
in

6rb 
in

6lt 
■ in

B 
in

A6r t 
in

A6Rb 
in

A5lt 
in

A6Lb 
in

0 0.004 0 0.002 0.021 0.0 0.021 0.0 0.021 -0.004 0.021 -0.002

D, Brace Diameter

Before Stress After Stress Change
ADb L ^b T
in in

Designation Distance 
in

Freezing
Db L Db T
in in

Freezing
Db L Db T
in in

^-i A - 2.0070 - 2.0060 - -.0010

LbO 0 - 2.0070 - 2.0054 - -.0016

Lbl % 2.0009 2.0053 2.0005 2.0030 0.0004 -.0023

Lb2 % .2.0023 2.0051 2.0017 2.0060 -;0006 .0009

Lb 3 1 2.0015 2.0060 1.9943 2.0130 -.0072 .0070

Lb4 i^ 2.0019 2.0059 1.9897 2.0174 -.0122 . .0115

LbS 2 2.0019 2.0050 1.9865 2.0202 -.0154 .0152

^>6 2.0022 2.0048 1.9862 2.0195 -.0160 .0147

Lb7 3 2.0022 2.0048 1.9862 2.0200 -.0160 .0152

Lb8 4 2.0029 2.0052 .1.9920 2.0188 -.0109 .0136

Lb9 5 2.0042 2.0052 1.9968 2.0140 -.0074 .0088

^bio 6 2.0056 2.0050 2.0010 2.0113 -.0046 .0063
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Table B-2 (Cont'd.)

Dimension of T-Connection Model 2 (Cont'd.)
E. Brace Length

Before Stress .
Freezing

LbR Lbu
in in

After Stress 
Freezing

LbR LbU
in in

Change
ALbR ^LbL
in in

8.196 8.195 8.210 ■ 8.208, 0.0140 0.0130

F. Brace End Angular Displacement8

Positive values measured from the vertical toward the center 
of the connection.

Before Stress Freezing After- Stress Freezing Change
6n A6n
in in in in in in

0.005 0.0 0.004 0.0 0.001 0.000
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Table B-3

Dimension of T-Connection Model 3

A. Chord Diameter

Designation Distance 
in

Before Stress After Stress 
Freeziing

D .. D _

Cha:
^D=v 
in

nge 
iDcT 
in

• Freez
DCV 
in

;ing
D T o T 
in

0 v in C 1 in

LO 0 - 4.0020 - 3.8110 - -0.1910

Lcll 1, *2 - 4.0024 - 3.8123 - -0.1901
L0t2 1 4.0130 4.0031 4.1772 3.8174 0.1642 -0.1857
^0 L3 u ,4.0130 4.0041 4.1703 3.8297 0.1573 -0.1744

LeL4 2 4.0137 4.0039 4.1671 3.8430 0.1534 -0.1609

L5 2% 4.0129 4.0040 4.1608 3.8451 0.1479 -0.1589

LcL6 3 4.0121 4.0041 4.1517 3.8785 0.1396 -0.1256

LcL7 4 4.0125 4.0041 4.1297 3.8930 0.1172 -0.1111

L8 5 4.0121 4.0047 4.1036 3.9233 0.0915 -0.0814
LCL9 6 4.0113 4.0045 4.0757 3.9480 0.0644 -0.0565

LcL10 7 4.0101 4.0041 4.0490 3.9710 0.0389 -0.0331
LcL11 8 4.0075 4.0030 4.0260 3.9859 0.0185 -0.0171

L Rlc R 1
1, 
*2. - 4.0023 - 3.8179 - -0.1844

^cR2 1 4.0117 4.0021 4.1792 3.8175 0.1675 -0.1846

^oRS 1% 4.0129 4.0015 4.1736 3.8250 0.1607 -0.1765
LcR4 2 . 4.0110 4.0020 4.1687 3.8409 0.1577 -0.1611
LcR5 2% • 4.0116 4..0016 4.1605 3.8521 0.1489 -0.1495

LCR 6 3 4.0098 4.0008 4.1501 3.8830 0.1403 -0.1178
LcR7 4 4.0090 4.0007 4.1281 3.8931 0.1191- -0.1076

^cR 8 5 4.0083 4.0000 4.1051 3.9180 0.0968 -0.0820
LcR9 6 4.0070 3.9990 4.0792 3.9410 0.0722 -0.0580
LcR10 7 4.0050 3.9990 4.0510 3.9671 0.0460 -0.0319

^cRll 8 4.0038 3.9986 4.0261 3.9842 0.0223 -0.0144
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Table B-3. (Cont'd.)

Dimension of T-Connection Model 3 (Cont’d.)

B. Chord Length

Before Stress "
Freezing

Lc T Lc B
in in

After Stress
Freezing

L _ ’ L‘_
c T c B
in in

Change
w C 1 “ Q D
in in

19.6895 19.6860 19.6627 ' 19.7187 -0.0268 0.0327

C. Chord End Angular Displacement6 -

aPositive values measured from the vertical toward the center of the connection

Before Stress Freezing After Stress Freezing . Change
5r t 
in

6rb 
in

Slt
in

5lb
in

6r t
in

6rb 
in

6lt
• in

&lb 
in

A6R t 
in

A6rb 
in

A6lt 
in

A6lb 
in

0.006 0.0 0.0 0.003 0.028 0 0.024 0 0.022 0.0 0.024 -0.03

D. Brace Diameter

Designation Distance 
in

Before Stress After Stress Char
ADbu 
in

ige
AbT 
in

Freez
DbL 
in

;ing
DbT 
in

Freezi
DbU 
in

ng
Dbi 
in

Lb-i A • 2.0160 - 2.0141 - -0.0019

LbO 0 - 2.0160 - 2.0139 - -0.0021

Lbi \ 2.0108 2.0160 2.0129 2.0117 0.0021 -0.0043

Lba ,2.0106 2.0150 2.0081 2.0166 -0.0025 0.0016

Lb3 1 2.0084 2.0150 1.9981 2.0241 -0.0103 0.0091

Lb4 1% 2.0090 2.0147 1.9913 2.0290 -0.0177 0.0143

LbS 2 2.0095 2.0159 1.9886 2.0312 -0.0209 0.0153

Lb6 2% 2.0100 2.0140 1.9864 2.0318 -0.0236 0.0178

Lb7 3 2.0096 2.0140 1.9864 2.0326 -0.0232 0.0186

Lb8 4 2.0098 2.0132 .1.9878 2.0306 -0.0220 0.0174

Lb9 5 2.0106 2.0133 1.9920 2.0285 -0.0186 0.0152

^blO 6 2.0108 2.0133 2.0031 2.0290 -0.0077 0.0157
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Table B-3.(Cont1d.)

Dimension of T-Connection Model 3 (Cont'd.)

E. Brace Length

Before Stress After Stress Change
ALbR ALbL
in in

Freezing
LbR LbL
in in

Freezing
LbR Lbt

in in

8.206 8.205 8.220 8.218 ' 0.014 0.013

F. Brace End Angular Displacement8

8 Positive values measured from the vertical toward the 
center of the connection

Before Stress Freezing After Stress Freezing Change

in in in in in in

0.0 0.003 0.0 0.0 0.0 -0.003
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APPENDIX C

DEVELOPMENT OF PLASTIC FOR PHOTOELASTIC MODELS

The successful application of photoelasticity is highly 

dependent on availability of model material. Even though the 

fundamental laws of photoelasticity were known 130 years ago, 

no engineering application of photoelasticity was attempted until 

the introduction of celluloid in about 1900. Solakian (1935) 

applied twisting torque to a round Marblette bar after heating to 

180°C and permitting it to cool under load. A transverse slice of 

the bar showed a stress fringe pattern. This was the beginning of 

the fixation or stress freezing method currently so popular in 

three-dimensional photoelasticity.

EARLY PHOTOELASTIC PLASTICS

Bakelite (Hete'nyi 1939), glycerin phthalic anhydride resin, 

was used in the United States for initial fixation method tests. 

It was quickly followed by Fosterite (Leven 1948), styrene polyester 

resin; Kreston (Taylor 1950), allyl ester resin; and Castolite 

(Frocht 1954), modified polyester resin. However, introduction of 

epoxy resin (D'Agostino 1955) in the 1950's as a model casting 

material provided three-dimensional photoelasticity with considerable 

momentum because of its outstanding advantages.
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STANDARD EPOXY RESIN

A major contribution to three-dimensional photoelasticity 

was made when Leven (1963) reported development of the ’’standard 

epoxy" resin. Leven carefully compared 10 resins cured with acid 

anhydrides and amines. The investigation resulted in developing 

resin having the composition and characteristics shora in 

Tables C-l and C-2, respectively.

Table C-l 

Composition of Standard Epoxy Resin

100 parts resin by weight - Bakelite ERL 277^-a

42 phrb - Phthalic anhydride

20 phr - Hexahydrophthalic-
anhydride

“Bakelite ERL 2774, Bakelite Company (a Division 
of Union Carbide and Carbon Corporation, 30 
East 42 Street, New York, New York.

bParts per hundred resin.

Table C-2 

Characteristics of Standard Epoxy Resin

Critical Temperature, °C; Tcr 162- 175

Effective Elastic Modulus, psi; Eeff 5300-6500

Effective Material Fringe Value, psi/fringe/inch, fo 2.48-2.84 

Figure of Merit; Q 2100-2400

However, mixing and curing the standard epoxy is difficult 

and time consuming because

1) HEX-anhydride precipitates if gelation temperature is allowed 
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to decrease even slightly,

2) exothermic reaction occurs if gelation temperature is 

allowed to increase even slightly, and

3) residual stresses form if a large casting is permitted to 

cool rapidly.

Leven avoids these problems by casting with considerable care 

large solid cylinders of resin from which a variety of models can be 

fabircated. This procedure is very desirable if models of unknown 

configuration are to. be fabricated. However, in the case of tubular 

connections where the configuration is known, that is, hollow 

circular cylinders, components can be cast in specially prepared 

molds. A mold with a center cylindrical core is desirable to 

decrease the weight of resin. This special condition, plus the above 

mentioned difficulties inherent with the standard plastic, prompted 

an investigation into amine cured epoxy. It was expected that con­

siderable casting time could be saved if an amine cured resin could 

be used. The investigation reported below was made in association 

with F. W. Nordstrom.

TESTING AMINE CURED EPOXY RESIN FOR T-CONNECTION MODELS

The investigation of amine cured resins was limited to two low 

viscosity EPON® resins manufactured by Shell Chemical Company. These 

resins were selected because (1) they are typical of low viscosity 

resins available from major chemical supply houses, and (2) Leven (1963) 

reported EPON to have good sensitivity. Refer to Appendix A for 

suppliers of resins and other materials. Table C-3 summarizes the 

properties of the two resins.
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Table C-3

EPON® Resin Typical Properties

EPON No. 815 828

Color, 25°C, Gardner4 5 max 4 max

Viscosity, 25°C, Poisesb 5-7 100-160

Epoxide Equivalent® 175-195 185-192

Weight per gal, lbs, 20°C 9.5 9.7

Density, g/ml, 20°C 1.133 1.168

Refractive Index, 25°C 1.545-1.560 1.570-1.575

Flash Point, Tag Open Cut , °F > 175 > 175

Hydroxyl Content, equiv., OH/lOO g resin 0.05 0.06

Average Molecular Weight (approx.) 330 380

Equiv. Weight (g resin to 
mole of acid)

esterify one
85 85

aColor of Transparent Liquids, ASTM D1544-58T.
^Kinematic Viscosity, ASTM D445-53T.
cGrams of Resin Containing Gram-Equivalent of Epoxide, ASTM D1652- 

59T.

The following amine curing agents were investigated. Table C-4.

Diethylaminopropylamine (DEP) was determined most suitable for photo­

elastic needs as discussed below.

Table C-4

Amine Curing Agents

Curing Agent • 
Designation Chemical Name Chemical Type

Shell "A" Diethylaminopropylamine (DEP) Polyamine

Shell "D" Polyamine Salt

DTA Diethylenetriamine (DTA) Polyamine

Jefferson 400 Polyoxpropylenediamine 400 Polyamine

Genamid 250 (G-250) Polyamine
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CHARACTERISTICS OF AMINE CURED RESINS

•Table C-5 summarizes the various combinations of resins and

curing agents studied.

Table C-5

Amine Cured Resin Combinations

Resin
Number

Parts 
by 

Weight

Curing Agent

Curing Cycle
Remarks

Designation 
(Table C-4)

Parts 
by 

weight“

Small 
Samples

Large 
Samples

815 100 A 5 Room temp, 
for 1 hour

+ 180 °F Slight 
Color

Slight 
Col or

815 100 A 7 Room temp, 
for 1 hour

+ 180°F Slight 
Color

Slight
Color
Substantial
Heat

815 100 D 10.5 Room temp, 
hours

for 12 Very
Dark 
Color

—

815 100 Jefferson
400

' 4 Room temp. Soft &
Pliable

-

828 100 A 6 Room temp, 
for 1 hour

+ 212CF Dark
Color

High
Heat

828 100 A 8 Room temp.'
-

Slightly
Dark 
Color

Very high
Heat

828 100 DTA 8 Room temp. Dark
Color

—

828 50 G-250 50 212°F for 1 hour Dark
Color
Soft 
Pliable

828 70 G-250 30 212°F for 1 hour Dark
Color

“Amount of curing agent normally specified by weight as parts per hundred resin 
phr.
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Initial screening tests were made by casting activated resins 

in small shallow metal dishes, two inches in diameter and 1/2 inch 

in depth. The observations made from these small samples are summarized 

in the remarks column of Table C-5. Results indicated curing agent A 

was best because of reasonably light color and apparent strength of 

the cured plastic. EPON® 815 and 828 were mixed in large batches and 

cast in 500 ml plastic cups. It was observed that resins activated 

with seven parts per hundred resin (by weight), phr, or higher of 

agent A or cured at high temperatures caused exothermic heating and 

gassing as predicted by Leven. However, EPON 815 cured with five phr 

of agent A at room temperature until firm (B-stage) and heated to 

180°F for one hour produced what appeared to be an encouraging plastic; 

however, the color was darker than desired. Inquiry indicated that 

curing agent A contained a dye which was added as an indicator of 

complete mixing. The tests were repeated using undyed curing agent A 

(DEP) and a light colored resin resulted.

TEMPERATURE CONTROL OF DEP CURED RESIN

The study of DEP cured resin,. Table C-5, and reports by Leven 

(1963) indicate reaction temperature control was required during 

"curing to prevent (1) gassing of the resin. Figure G-l, or (2) thermal 

stressing of the casting. Accordingly, a study was made of methods 

of casting large batches of resins.

Large solid castings, 4-1/4 inches 0D x 18 inches tall, of 

EPON 815 and 828 resin cured with five phr DEP were made in aluminum 

molds. Castings placed in an air-conditioned room, 75°F, during 

gelation showed marked gassing because of overheating. The use of
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Fig. C-l - Solid casting (left) made in water cooled aluminum mold using 
EPON 815® and 5 phr DEP. Curing cycle; gelation at room temperature 
(24 hours) followed by 185°F for 1 hour. Right, 500 ml pour of EPON 815® 
cured with 10 phr DEP showing internal gassing from exothermic, heat
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EPON® 828 was discontinued in favor of lower viscosity EPON 815, since 

the viscosity of EPON 828 was too high to allow air bubbles to rise 

to the surface of the casting.

Further investigation with five phr DEP cured EPON 815 

resulted in casting a 4-1/4 inch OD x 18 inch solid cylinder in a 

jacketed aluminum mold equipped with circulating water. A section of 

a piece cut from the original successful casting is shown in Figure C-l. 

This casting technique has been advanced by the author to the point 

that an 8-3/8 inch OD x 6-3/16 inch id x 48-inch tall cylinder can be 

cast. The aluminum mold consists of three concentric cylinders. The 

inner cylinder (core) is filled with tap water. The inside annulus 

contains the activated resin and the outer annulus provides space for 

circulating tap water.

Castings made for the tubular connections reported in this 

thesis do not require special temperature control since they are small, 

that is, 4 1/4 inch OD x 1/2 inch wall. The technique of casting 

these components is discussed in detail in Chapter 4 and Appendix D.

CHARACTERISTICS OF DEP CURED EPON.815 RESIN

So far only feasibility of casting EPON 815 has been 

established. It was necessary to establish that the- proposed plastic 

had desirable photoelastic characteristics. Leven (1963) showed that 

DEP cured epoxy plastic has good photoelastic characteristics. 

However, it generally is numerically lower than the standard epoxy.

Critical Temperature

Critical temperature is defined as the temperature at which •
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primary bonds of plastic relax. Critical temperature was determined 

for DEP cured EPON® 815 by testing a series of calibration bars, 

Figure C-2, at constant load but variable time and temperature.

Based on Leven's (1963) study, the critical temperature was expected 

to be about 95°C. Thus, the majority of the bars were tested near 

this temperature. Table C-6.

Table C-6

Five phr DEP Cured EPON 815 Critical Temperature Data 
(Calibration Bar Load 1003 g)

Calibration 
Bar 
No.

Oven 
Temperature 

°C

Test 
Duration 

min.

Fringe
Order

N

1 79 270 4.84

2 92 75 4.80

3 92 135 4.80

4 92 55 4.80

5 86 28 4.71

6 92 15 4.85

7 79 15 4.70

8 79 30 4.61

9 79 8 . ' 4.55

10 79 12 4.78

11 64 12.5 2.25

The critical temperature is close to 92°C as indicated by development 

of consistent fringe orders as a function of time. Figure C-3. An 

exact value of critical temperature xvas not determined since it will 

change slightly with each batch of resin prepared. However, the value 

of 92°C agrees well with 95°C reported by Leven (1963) for a similarly 

cured high viscosity plastic.
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<6

Fig. C-2 - Calibration bar used for determining physical and photo­
elastic characteristics of EPON 815® cured with 5 phr DEP



FRiNGE ORDER, N

Fig. C-3 - Fringe order variation with time of load application for temperatures near the critical 
temperature for EPON 815® cured with 5 phr DEP
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Elastic Modulus

The effective elastic modulus was determined from equation

PL 
' W-D

whe

Data for equation (C-l) was obtained from calibration bars, 

Figure C-2,on which were scribed two transverse marks to form a gage 

length, L, about one inch long. Distance between marks was measured 

accurately with an optical comparator. The calibration bars were 

heated to 90°C, loaded, and cooled to room temperature while under 

load. The final length, Lf, was measured and the elongation, e, 

determined. The width, w, and thickness, h, of the shank of the 

bars were measured with a micrometer. Measurements for representative 

calibration bars are summarized in Table C-7. The effective elastic 

modulus ranges between 3350-4060 psi. This compares well with the 

value, 3500 psi, reported by Leven (1963). The modulus for the 

standard epoxy is 5300-6500 psi. This indicates that less deformation 

will occur at the same load for models fabricated from standard epoxy 

than from DEP amine cured epoxy. However, as indicated previously, 

excessive deformation was not a problem with the models reported in 

this thesis.

Material Stress Fringe Value

The material stress fringe value (Dailey 1965) was calculated 

from equation

P 
to = — • ' (C-2)

wN



Table C-7
Physical Properties of EPON® 815 Cured with Five phr DEP

Calibration Bar Effective
Effective
Material Figure 

of
Nerit

Q
No.

Orig.
L 

in.

• Final
Lr

in.

Elong. 
e 

in.

Initial 
Thickness 

Ii 
in.

Initial 
Width

V7 
in.

Load
P

§•

Stress 
Temp.

°C

Freezing
Time 
min.

Fringe 
Order

N

Elastic
Modulus

Ee f f 
psi

Stress
Fringe
Value
fcr 

psi/fringe/inch

K 0.99442 1.00982 0.01542 0.1923 0.2532 1392.2 90 ' 60 5.24 4060 2.32 1750

L 1.00857 1.02762 0."01905 0.1942 0.2536 1423.3 90 60 5.49 3350 2.26 1482'

M 1.02615 1.04640 0.02025 0.1902 0.2470 1454.8 90 60 5.72 3470 2.27 1528

N 0.99892 1.01700 0.01808 0.1942 0.2520 1393.2 89 63 5.25 3460 2.33 1530

0 0.99863 1.01640 0.01777 0.1895 0.2494 1423.3 89 63 5.26 3800 2.39 ' 1590

P 1.0013 1.01810 0.01679 0.1933 0.2528 1454.8 89 63 5.44 3980 2.33 1710
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Using the data from Table C-7 in equation (C-2) indicates that fringe 

values of DEP cured EPON® 815 vary between 2.26 and 2.39 psi/fringe/inch 

of thickness. Thus, the DEP cured EPON 815 is slightly more sensitive 

than the standard epoxy. However, it is interesting to note that the 

fringe values listed in Table C-7 are high compared with those (f(j = 1.27) 

reported by Leven (1963) for a heavier epoxy*  cured with 10 phr DEP.

*Bakelite ERL 2774, Bakelite Company (a Division of Union Carbide 
and Carbon Corp.), 30 East 42nd Street, New York, New York.

No reason has thus far been found for the marked difference in values.

Figure of Merit

The ratio of effective modulus, Eeff , to material stress fringe 

value, f(j, is known as the Figure of Merit, equation (C-3) .

f f
Q = ------- (C-3)

fa

Based on the values from Table C-7, the Figure of Merit ranges 

from 1482 to 1750." This compares with 2100 to 2450 for the standard 

epoxy. Therefore, DEP cured resin would not be considered as suitable 

for photoelastic modeling as standard epoxy.

Time Edge Effect

Leven (1963) studied the effect of moisture on the stress 

fringe pattern along the edge of the model. No specific investigation 

of the phenomenon was made during the determination of the DEP cured 

EPON 815 plastic. Experience shows that if the model or slices are 

stored in an oven at 100°F for 1-2 weeks before analysis, little or no 

time edge effect is noted.
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SUMMARY

Table C-8 shows a comparison of DEP cured EPON® 815 and 

standard epoxy.

Table C-8

Comparison of Epoxy Resins

Standard Epoxy DEP
Cured EPCN 815

Critical Temperature, Ter, °C. 162- 175 92- 95

Effective Elastic Modulus", Ee f f 5300-6500 3350- 4060

Effective Material Stress Fringe
Value, fa 2.48-2.84 2.26-2,37

Figure of Merit, Q 2100-2450 1482-1750

Casting of DEP cured EPON 815 is easier than casting standard 

epoxy because temperature during gelation is not so critical. Room 

temperature cooling water is sufficient to limit the exothermic reaction 

to provide large, solid, bubble free castings.

The properties of DEP cured EPON 815 are good, particularly the 

sensitivity to stress. The elastic modulus of DEP cured resin is 

lower than the standard epoxy, but the difference is not sufficient to 

cause large deformation during loading.

It should be noted that the critical temperature of the standard 

epoxy is almost twice that of the DEP cured EPON 815. This provides an 

advantage since low temperature ovens can be used for stress freezing 

models. However, since the critical temperature is low, care must be 
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taken to avoid exposing models slices to elevated temperature. It is 

recommended that slices be maintained in an oven at a temperature of 

100°F'when not being analyzed.

DEP cured EPON® 815 was used for all castings from which 

T-connection models and calibration bars were machined for this 

investigation. The stress sensitivity and ease of casting of DEP 

cured EPON 815 were the dominant factors which lead to the preference 

of this material over standard epoxy.
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APPENDIX D

CASTING PROCEDURES FOR T-CONNECTION COMPONENTS

Two separate molds were used in preparing castings for 

T-connection models:

1) chord mold consisting of a 4-1/4 inch OD aluminum tube 

24 inches long into which is centrally fitted a pasteboard mailing 

tube (core). Figure.4, and

2) brace mold consisting of a 2-3/8 inch ID aluminum tube 

14 inches long. Figure 4.

The chord mold was assembled by securing with Ring epoxy 

adhesive the mailing tube core to an aluminum base plate. The plate 

was coated previously with RAM 225 mold release to prevent permanent 

adhesion of the epoxy. The aluminum tube interior was also coated 

with mold release after which it was attached to the plate with Ring 

adhesive, Figure 4. The mold was permitted to cure overnight.

The brace mold was prepared by plugging the end of a 2-3/8 inch 

ID aluminum tube with a rubber, stopper which was secured with masking 

tape. The inside surface of the tube was coated with mold release. 

No core was provided in the brace mold. Figure 4.

Sufficient EPON® 815, 9.5 Ib/gal, to fill the molds was 

placed in a discardable container, a plastic or tin plated gallon 

paint can. The weight of the liquid epoxy was determined accurately.

Curing agent was added at the rate of five parts DEP per hundred parts 

resin by weight. Refer to Appendix A for a source of materials.
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The DEP was stirred into the resin until the mixture was 

homogeneous. Care was taken to scrape the sides and bottom of the 

container to remove uncatalyzed epoxy and care was taken to avoid 

stirring air into the epoxy during mixing.' When the mixture showed 

a consistent color, that is, no striations, the catalyzed epoxy was 

poured into the molds. The epoxy was poured down the inside of the 

tilted mold to decrease the likelihood of entry of air into the 

resin.

The molds were permitted to gel at room temperature, 75°F, 

for two days. The gelled epox'y was heated to 180°F for one hour to 

’’tighten" the cure.

The cured plastic was removed from the molds by tapping them 

to break the seal between the plastic and the mold release. The 

resulting castings are shown in Figure 5.
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APPENDIX E

MACHINING COMPONENTS FOR PHOTOELASTIC T-CONNECTION MODELS

Machining epoxy plastic is difficult because of its brittleness, 

low strength, and abrasiveness. Tungsten carbide cutting tools must be 

used and maintained sharp. Two styles of cutting tools (Bergeman 1947) 

were used—(1) right-hand corner tool, and (2) finishing tool. Figure 

E-l. The side cutting-edge angle of the right-hand corner tool was 

maintained at about 45-50°. The end cutting-edge angle was ground to 

about 40-45°. The end and side clearance angles were maintained at 

about 15°. Finishing tool side cutting- and end cutting-edge angles 

were ground to 15° and 40°, respectively. The nose angle points of 

the tools were ground slightly rounded to improve longevity. The 

right-hand corner tool was used in the lathe and milling machine.

CHORD TURNING AND BORING

The chord was machined to finished dimensions in a 13-inch 

geared-head lathe. Figure E-2.- Refer to Appendix A for full descrip­

tion of equipment.

A one-inch thick plug of EPON® 828 activated with seven phr 

DEP was poured at one end of the chord casting. This provided a solid 

base on which to tighten the lathe chuck. The casting was centered in 

the four-jawed chuck by means of a dial indicator. A snug fitting plug 

was inserted into the tail-stock end of the chord casting so that a 

live tail-stock center could be used. The exterior surface of the
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Fig. E 
right.

€

-1 - Tungsten-carbide lathe tools - left, finishing tool and, 
right-hand corner tool



Fig. E-2 - Geared-head lathe used for turning model T-connection components

E-4
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casting was turned circular for about four inches at the tail-stock end. 

A roller bearing steady-rest was placed under this circular portion of 

the casting and the tail-stock and plug removed, Figures E-3 and E-4.

A two-inch OD boring bar fitted with a 3/8-inch right-hand 

corner tool at 45° to the bar axis was attached to the lathe compound 

rest. Figure E-3. The tool was placed upside-down in the bar so 

cutting was done on the back side of the chord while the piece was 

traveling upward. This permitted chips to escape the cutting edge 

more easily.

The chord was bored at 140 rpm, 0.0051 inches per revolution 

feed rate and about 0.0050 inch depth cut initially. As the inside 

diameter approached finished size the feed rate was progressively 

decreased to 0.0026 inch per revolution. When the ID was within 

0.060 inch of finished dimensions, a three-inch boring bar was 

installed on the cross slide in place of the compound rest. Figure E-4.

The finish cuts, about 0.015 inch each, were made with the 

large bar to prevent tool chatter which roughens the finish. The 

lathe speed was reduced to 107 rpm and the feed to 0.0026 inch per 

revolution. The final cut was- 0.005 inch to provide a smooth finish.

After the chord was bored to finished dimension, a close 

fitting plug was inserted in the hole and the plug center-bored for a 

tail-stock center. The steady rest was removed and the plugged chord 

supported by the tailstock.

The outside surface was turned to finished dimension by using a 

finishing tool. Figure E-5. The feeds and rotary speed were the same as 

used during boring. The completed chord was cut from the solid base with 

a tapered parting tool.
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Fig. E-3 - Chord held in chuck and supported by steady rest. Txro-inch 
boring bar fitted on compound rest



E-7

Fig. E-4 - Three-inch boring bar used to make finish cuts in chords
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Fig. E-5 - Turning outside of chord in lathe using finishing tool
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BRACE TURNING AND BORING 1

The brace casting, Figure 5, was made solid, then drilled 

to permit entry of. a boring bar. This was performed in a manner 

similar to that used for preparing the chord for boring. The brace 

was chucked and adjusted for trueness. The solid end of the brace 

was center drilled and supported on the tail-stock center while the 

outboard end of the brace was turned cylindrical. Then the brace 

was supported on the steady rest.

A 3/4 inch two-fluted twist drill was used for drilling a 

pilot hole in the solid casting. The drill was provided with a 

chip breaker (Cleveland 1964) to decrease the tendency to hang-up 

in the plastic. The pilot hole was opened to 1-1/2 inches with a 

four fluted drill. Figure E-6. The brace was bored and turned as 

described for the chord except that a small boring bar was employed. 

The rotary speeds were 170 rpm and 140 rpm for rough and finish cuts, 

respectively.

BRACE INTERSECTION CURVE MILLING

The intersection curve was milled on one end of each brace 

by means of a vertical spindle milling machine. An epoxy plug and 

sleeve were machined to fit tightly inside and outside of the brace, 

respectively. When the plug and sleeve encased the brace, it became 

a composite cylinder of plastic about 2.5 inches in diameter, Figure 

E-7. Two of these cylinders were mounted face-to-face in Vee-blocks 

on the milling machine table. Sufficient space was left between the
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Fig. E-6 - Drilling the brace with a four-fluted twist drill



Fig. E-7 - Milling intersection curve in braces "sandwiched" between plug and sleeve

M

II-
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faces to accept the boring head tool holder. ‘ A l,^ inch right-hand 

corner tool was fitted into the holder at 45° to the vertical axis, 

Figure' E-7. Intersection curves were formed by boring a four-inch 

vertical cylinder through the brace ends. Figure E-7. The tool was 

advanced horizontally 0.050 inch per cut. Finishing passes were made 

with 0.005 inch per cut. Spindle speed and feed were 660 rpm and 

0.0015 in/rev., respectively. Finish dimensions were checked with 

an inside micrometer measuring between the milled faces.

The braces were cut to final length by refitting the plug and 

sleeve at the brace end away from the intersection curve, gripping 

the composite cylinder in a lathe chuck and cutting to length with a 

parting tool.

CALIBRATION BAR MACHINING

The sheet casting, Figure 5, was fly-cut to finished thick­

ness, that is, about 0.20 inch, on a vertical spindle milling machine. 

Figure E-8 shows the sheet casting mounted on the jig plate attached 

to the milling machine table. The casting was held in place by double 

faced masking tape and modeling clay. The.jig plate was secured to 

the milling machine table by double faced tape.

The fly cutter was equipped with a 3/8 inch right-hand corner 

tool. Figure E-l, and rotated at 250 rpm. The table feed was 5/8 inch 

per minute. The cut was varied from 0.025 inch to 0.005 inch per cut.

The sheet casting was finished on one side and then turned 

over. The finished surface was placed on the tape, the clay replaced, 

and the milling process repeated.



Fig. E-8 - Milling sheet casting surfaces
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Machining to shape was performed on a numerically controlled 

vertical spindle milling machine. Figure E-9. This operation was 

programmed to drill the loading holes and rough-form the bars without 

interruption. The rough traverse was made around the bars using 

7/16 inch three-fluted end mill. Two finish passes were made with 

a 1/2-inch end mill. Spindle speed was 1200 rpm. Water mist 

coolant was sprayed on the bars during machining.
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Fig. E-9 - Cutting calibration bars held by jig mounted on table of 
numerically controlled milling machine
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APPENDIX F

PHOTOELASTIC T-CONNECTION MODEL ASSEMBLY

Loading of the T-connection models was performed by applying 

an axial load to the braces. Particular care was taken during 

cementing of the brace to the chord to assure a strong intersection 

weld.

Cement Preparation

Experimentation showed that a good epoxy cement could be made 

from 25 grams of EPON® 828 cured with 10 phr DEP. The addition of 

cab-o-sil was unnecessary if the catalyzed epoxy was permitted to 

thicken 5 1/2 hours before using. During development of the cementing 

procedure, air bubbles were beaten into the cement while stirring. 

These bubbles were not released from the curing epoxy because of the 

viscosity of EPOM 828, Table C-3. Thus, the trial welds contained 

imperfections which could produce extraneous stresses at the inter­

section curve. Figure F-l. Further testing proved that thickening 

the catalized epoxy under a vacuum eliminated bubbles and produced 

a near imperfection-free weld. Figure F-2.

Assembly

The brace was centered on the chord to provide a symmetric 

structure. A circumferential line was drawn around the chord using a 

piece of straight heavy paper as a wrap-guide. Figure F-l. In addition 

marks were provided one inch on each side of the centerline as guides.
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Fig. F-l - Intersection weld containing air bubbles in the cement

Fig. F-2 - Intersection weld made with epoxy cement thickened under a 
vacuum - .
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Brace and chord surfaces to be cemented were cleaned with acetone. 

The intersection curve of the brace was lightly "buttered" with 

vacuum-thickened cement. The chord was held horizontal in V-blocks 

and the brace carefully placed on the chord. The brace was tapered 

to a jig and weighted with 400 grams (equivalent to about two psi). 

Figure 8. The assembled components were cured for 24 hours at room 

temperature. Tightening of the cure was accomplished by placing 

the assembly in 100°F oven overnight.

Prior to loading, chord and brace loading fixture diaphragms. 

Figure 10, were cemented in place with Ring epoxy adhesive.
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APPENDIX G

PHOTOELASTIC MODEL SLICING

Slicing of a three-dimensional photoelastic model is the 

process of transforming the model into a set of tvro-dimensional 

sections (slices). Figure 20, which can be analyzed by conventional 

photoelastic methods. Three operations are required in slice 

preparation: (1) scribing, (2) cutting, and (3) finishing.

The model was prepared for scribing by removing the diaphragms 

from each end of the chord. Figure 10. This was done by sawing 

through the chord wall with a jeweler's saw adjacent to the diaphragm. 

The brace end plate was retained to provide firm support when the 

connection was gripped in a chuck for indexing.

SCRIBING

The area to be scribed was painted with marking ink. Figure 

G-l. The brace end of the connection was gripped in an indexing-head 

chuck mounted on a granite surface plate, Figure G-l. Alignment was 

obtained by measuring the height of both ends of the brace and chord. 

With the indexing head at zero and the chord horizontal, a centerline 

was scribed around the entire connection using the height gage. Edge 

lines were scribed 0.125 inches above and below the centerline. The 

head was indexed 30° and next center and edge lines were scribed 

around the connection. Figure G-l. This operation was repeated every 

30°. The completely scribed T-connection model is shown in Figure G-2.



Fig. G-l - T-connection coated with marking ink, held in indexing head chuck and scribed by height 
gage

G
-3
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Fig. G-2 - T-connection model after scribing every 30° around 
brace
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SLICE CUTTING

Cutting was performed with a dentist's burr held in a high 

speed grinder. The burr was held at an angle to the work piece and 

directed freehand. Figure 17. The brace was always cut first because 

it is so delicate. Several passes were made outside of the edge 

scribe lines with the burr. When a groove was cut in the tube wall, 

the burr was held normal to the surface and the cut made through the 

entire connection wall. The edge of the cut was made about 1/16 inch 

outside of the edge scribe line. This decreased the likelihood of 

subjecting the slice to excessive heat which would change stress 

patterns. Even with extreme care, some pattern distortion was 

observed near rough cuts which were not finish machined.

FINISHING

Slice edges wete made parallel and smooth by fly-cutting on 

a vertical spindle milling machine, Figure 19. A piece of jig plate 

was attached to the milling machine table with double faced tape. 

The slices were positioned on the plate so the slice centerline was 

maintained at a constant elevation above the plate. Figure G-3. 

Centerline elevation was measured with a surface gage.

The slices were embedded in clay and the surfaces finished 

by fly-cutting with a right-hand corner tool. Table G-l.



Fig. G-3 - Maintaining constant slice center line elevation with surface gage

G
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Table G-l

T-Connection Model Slice Finishing Data

Depth of Cut 
(Inch)

Feed Rate 
(In/Min)

Spindle Speed 
(RPM)

Rough Cut 0.010 1.1 750

Final Cut 0.005 0.5 750

The finished slice surfaces were smooth and parallel, Figure 20.

SUBSLICING

Subslices are thin sections removed from a photoelastic 

model slice. Two types of subslicing are possible: (1) surface 

subslicing and (2) transverse subslicing, Figure G-4.

T-connection model surface subslices were prepared by 

cutting the model slice parallel to the free surfaces with a 

jeweler's saw. The resulting rough subslices. Figure G-4, were 

milled to uniform thickness with a high speed drill press. Figure G-5. 

The saw-cut surface of the subslice was smoothed at the rate of 

0.001 inch per pass between a carbide burr and the "milling guide, 

Figure G-5. .Only light cuts were taken in order to assure maintaining 

the subslice at substantially ambient temperature during the smoothing 

operation.

Transverse subslices were smoothed by working down the saw­

cut surfaces on emery paper placed on a granite surface plate.
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Fig. G-4 - Surface subslice and transverse subslice locations. (Surface 
subslices were removed from both sides of the slice even though only 
one subslice is shown.)
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Fig. G-5 - Finishing surface subslice with carbide burr in high 
speed drill press
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APPENDIX H

TARDY COMPENSATION

Determination of fractional isochromatic fringe orders 

permits improved accuracy of stress determination since it eliminates 

the necessity of working only with interger fringe orders.

Fractional fringe orders can be determined to the hundredth 

part of a fringe using Tardy Compensation (Dailey 1965, Tardy 1929). 

The technique entails placing the piece to be analyzed in a polariscope 

adjusted for dark field plane polarized light. The piece is rotated 

until an isoclinic passes through the point of interest. Then the 

polariscope is adjusted for circular polarized light. The analyzer 

is rotated until an isochromatic fringe produces extinction at the 

point of interest. The fringe order, N, at the point of interest is 

determined by

P
N = Nt ±----- , (H-l)

180 

where

N1 = fringe moved to produce extinction at the point of 

interest, and

p = analyzer rotation to produce extinction.

The plus sign is used in equation (H-l) if N1 is moved toward 

N1+1 during analyzer rotation. The negative sign is used if N, is 

moved toward Nt  . Analyzer rotation is best determined by averaging 
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measurements of the leading and trailing edges of the fringe as it 

passes the point of interest.

Fractional order fringes were determined from Table H-l for 

appropriate values of p.
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Table H-l

Tardy Compensation Fraction Fringe Order Equivalents

p
P

180 P
P

180 P
P 

"180 P
p

180

1
2

.0056 51 .2 83 3" 101 .561 1 151 .83 89

.0111 52 .2 889 102 .5667 1 52 . 844 4

3
4

.0167

.0222

.0278

.0333

.0389

53
54
55

.2944

.3000

.3056

103
104
105

.5722

.5778

.5833

1 53
1 54
1 55

. 8500

.8556

.861 1
b
6
7

56
57

.3111

.3167
106
107

.5889

.5944
1 56
157

. 8667

.872 2

8 .0444 58 .3222 108 .6000 • 158 • 8778

9 .0500 59 .327 8 109 .6056 1 59 . 8833

1 0 .0556 60 .3333 1 10 .6111 1 60 . 88'89

1 1
12

.0611 •61 .3389 111 .6167 161 . 8944

.0667 62 .3444 112 .6222 1 62 .9000

1 3 .0722 63 . .3 500 1 13 .6278 ' 163 . 90 56

1 4 .077 8 64 .3556 114 .6333 • 1 64 .9111

1 5
16
17
1 8

.0833

.0889

.0944

. 1 000

65
66
67
68

.361 1

.3667

.3722

.3778

I 1 5
1 16 
117
1 1 8

.6389

.6444

.6500

.6556

16 5
1 66
167
168

• 9167
. 9222
. 927 8
.9333

1 9 69 .3833 1 19 .6611 1 69 . 93 89

20
21
22
23

.1111

.1167

. 1 222

70
71
72

.3889

.3944

.4000

120
121
122

.6667 ,

.6722

.677 8
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APPENDIX I

STRESS CONCENTRATION FACTORS DETERMINED FROM 

PHOTOELASTIC T-CONNECTION MODELS

Results of analysis of T-connection slices are portrayed 

graphically in Figures 1-1 through 1-15 as stress concentration 

factors, Kt and Ko.

Kt = — 
CTn 

and
c0

Ko = — 

Cn

where

q = stress parallel to the longitudinal axis of 

slice. Figure 28,

(j0 = stress orthogonal to Q-t and in the plane of 

the slice unloaded surface, Figure 28, and

PQ-n = — , nominal brace stress, equation (6-5).

(I-i)
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3.
92

Fig. 1-1 - Distribution of stress concentration factors on inner and
outer surfaces of 0° and 180° slices (at cp = 0°) of T-connection Model 1,
a = 4.91, 8 = 0.5, Y = 13.62, t = 0.354, and slice thickness 0.224 inch
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Fig. 1-2 - Distribution of stress concentration factors on inner and outer surfaces 
of 0° and 180° slices (at cp = 180°) of T-connection Model 1, a = 4.91, g = 0.5, 
-y = 13.62, t = 0.354, and slice thickness 0.226 inch
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3.02

Fig. 1-3 - Distribution of stress concentration factors on inner and 
outer brace surfaces of 30°, 150°, 210° and 330° slices of T-connection 
Model 1, ci - 4.91, g = X).5, y = 13.62, t = 0.-354, and slice thickness 
0.221 inch
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Fig. 1-4 - Distribution of stress concentration factors on inner and 
outer brace surfaces of 60°, 120°, 240°, and 300° slices of T-connection 
Model 1, cc = 4.91, g = 0.5, y =: 13.62, t = 0.354, and slice thickness 
0.224 inch



Fig. 1-5 - Distribution of stress concentration factors on inner and 
outer surfaces of 90° and 270° slice's of T-connection Model 1, 
(X = 4.91, g = 0.5, y = 13.62, t ~ 0.354, and slice thickness 0.246 inch
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Fig. 1-6 - Distribution of stress concentration factors on inner and 
outer surfaces of 0° and 180° slices (at cp = 0°) of T-connection 
Model 2, a = 4.91, R = 0.5, y = 18.38, t = 0.486 and slice thickness 
0.234 inch

2.
38



V0Fig. 1-7 - Distribution of stress concentration factors on inner and outer surfaces 
of 0° and 180° slices (at cp = 180°) of T-connection Model 2, a = 4.91, 8 = 0.5, 
y = 18.38, t = 0.486, and slice thickness is 0.237 inch
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Fig. 1-8 - Distribution of stress concentration factors on inner 
and outer surfaces of 30°, 150°, 210°, and 330° slices of T-connection 
Model 2, cc = 4.91, g = 0.5, y = 18.38, t = 0.486 and slice thickness 
is 0.237 inch
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Fig. 1-10 - Distribution of stress concentration factors on inner and 
outer surfaces of 90° and 270° slices of T-connection Model 2, cc “ 
4.91, g = 0.5/ y = 18.38, t - 0.486, and slice thickness is 0.233
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Fig. 1-11 - Distribution of stress concentration factors on inner and 
outer surfaces of 0° and 180° slices (at cp = 0°) of T-connection 
Model 3, (x == 4.91, g — 0.5, y = 24.40, 7 = 0.610 and slice thickness 
0.256 inch
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Fig- 1-13 - Distribution of stress concentration factors on inner and 
outer brace surfaces of 30°, 150°, 210°, and 330° slices of T-connection 
Model 1, a, - 4.91, g = 0.5, y = 24.40, t = 0.610 and slice thickness is 
0.255 inch
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• 5.41
5.

Fig. 1-14 - Distribution of stress concentration factors on inner and 
outer brace surfaces of 60°, 120°, 240°, and 300° slices of T-connection 
Model 1,(1= 4.91, g = 0.5, y = 24.40, t = 0.610, and slice thickness is 
0.250 inch
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Fig. 1-15 - Distribution of stress concentration factors on inner and 
outer surfaces of 90° and 270° slices of T-connection Model 1, 
ex = 4.91, g = 0.5, y = 24.40, r = 0.610, and the slice thickness is 
0.255 inch


