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STRESS DESTRIBUTION AROUND BUTT 
JOINTS IN LAMINATED LUMBER 

INTRODUCTION 

The Weyerhaeuser Company Technical Center, Longview, 

Washington, has expressed an interest in the mechanical properties of 

laminated lumber for structural purposes and has sponsored research 

in this area. Investigations by Fritz (17, p. 99) into possible methods 

of stress analysis as applied to wood indicate that the photoelastic 

coating technique provides satisfactory results in limited applications. 

He was primarily interested in determining the region of influence of 

the stress distribution around the butt joints which must necessarily 

be present in any piece of laminated lumber which is long enough for 

structural applications. 

Fritz concluded that for exterior butt joints, i.e., those in the 

outer layer of the lamination, there will be no interaction if a separa- 

tion of 16 lamina thicknesses is provided. For interior joints, a dis- 

tance of only 12 lamina thicknesses is required. He also determined 

that the maximum stress concentration factor, k, around the joint 

was of the order of two to three times the nominal stress, O . 
n 

These are "rough estimates" based solely on a qualitative analysis of 

the photoelastic patterns obtained. In addition, Fritz suggested that 

further and more detailed investigations be made into the nature of 
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the stress distribution (17, p. 106). 

The purpose of this thesis is to obtain a more detailed solution 

to one part of the problem. It is believed that the determination of 

stress concentration factors along three specific lines of interest will 

provide enough information to determine the effect of the joint. Also, 

the merits and faults of several methods of stress analysis as applied 

to wood are examined. Finally, some suggestions for further re- 

search are made. 
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THEORETICAL SOLUTIONS 

A stress analysis can be attempted in two ways, theoretically 

and experimentally. The nature of the solution desired can determine 

which procedure to follow. For a "pure" problem of primarily aca- 

demic interest, the level of precision required dictates that a theoret- 

ical solution be obtained if at all possible. On the other hand, if the 

problem is applied in nature, the search for a solution is usually un- 

dertaken with deadlines in mind, within financial restrictions, and 

under psychological pressure. Therefore, the acceptable level of 

precision is generally much lower. 

For this particular problem, there are two factors which limit 

a theoretical analysis. First, the classical theory of elasticity in- 

volves numerous assumptions which are not justifiable in this case. 

Secondly, the theory is difficult, if not impossible, to apply to any 

but the relatively simpler shapes. 

With these limitations in mind, it is enlightening to consider 

two theoretical solutions which exist for problems similar in nature 

to the one under consideration. The first applies to the stress distri- 

bution in the vicinity of an elliptical hole in an infinite isotropic 

plate under uniaxial tension (33, p. 295). Assume that the ellipse is 

chosen so that the major axis is perpendicular to the tensile load and 

the minor axis is allowed to approach zero. The geometry becomes 
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very similar to that of the butt joint. The fact that the laminated wood 

specimen is neither isotropic nor infinite is neglected. The stress 

distribution provided by this solution is plotted in Figure 1 as k 

versus d ., where d is the distance from the joint and do is 
o 

the width of the crack. 

The second theoretical solution by Ang and Williams (1) is for 

the case of an infinite orthotropic plate containing a finite crack. 

Consider a geometry such that there exists a finite crack along the 

y -axis (x= 0), between -b < x < b, and where the mechanical 

properties E , E , and so on, are aligned with respect to the co- 
x y 

ordinate system. The equations developed for the stress concentra- 

tions along the lines of interest are: 
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And the appropriate elastic constants (36, p. 79) are: 

E =2.Ox106psi x 

E =::06 2x1 psi 
Y 

= 3 

y = 0.03 
Y 

Substituting the elastic constants and then plotting the values of 

0"x 

results in the second curve which appears in Figure 1. Because 
0-n 

the stress field is symmetrical about the crack, one -half the figure is 

devoted to each solution. Although these results cannot be expected 

to give a completely accurate picture of behavior in the real material, 

they do provide a standard to which the experimental results can be 

compared. 
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To obtain a solution by experimental means imposes restric- 

tions of a different character. The diversity of possible joint config- 

urations and loading methods is endless, so the problem must first 

be limited in size and scope. For this reason, only square ended, 

narrow gap, unglued joints subjected to uniaxial tension were ex- 

amined. 
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EXPERIMENTAL METHODS 

The usual technique for determining the state of stress in a 

body by experimental means is to measure the strain from which the 

stress can then be inferred (35). This relationship between stress 

and strain is the subject matter of the theories of elasticity and plas- 

ticity. Of the experimental methods available, the following seemed 

most attractive: 

1. strain gages, for a point by point determination of strain 

along the lines of interest, 

2. brittle lacquer coating, 

3. moiré grids, 

4. photoelasticity, both reflective coating and transparent 

models. 

The last three listed are whole -field methods which ordinarily pro- 

vide the same information to varying degrees of precision. In the 

search for a solution, all four approaches were attempted in order to 

compensate for the limitations of each method, to provide some over- 

lap and consequent check of results, and to give the investigator in- 

creased familiarity with the various testing procedures. 

The brittle lacquer coating, the bondable moiré grid, the re- 

flective photoelastic coating, and the electrical resistance strain 

gages were all applied directly to specimens of the wood itself. In 
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this way, the problem of a model which represents the prototype was 

avoided. These specimens were obtained from the identical test 

beams used by Fritz in his research. 

The laminated members are built up to a thickness of 1- inches 

by gluing together six layers of 4 inch veneer in a manner similar to 

plywood as shown in Figure 2. A significant difference is that the 

grain in the layers of the laminated beam all runs in the same direc- 

tion, parallel to the longitudinal axis. The lumber was cut into 
1 

inch slices and carefully examined. Those sections used contained 

the proper type of joint but were free of other defects such as knot- 

holes, cracks, delaminations, and unusual grain angles. This pre- 

caution was taken to insure that the joint was the only discontinuity 

contributing to the results. 

In subsequent chapters each method employed is discussed sep- 

arately, and then a comparison is made of the techniques and the re- 

sults obtained. 
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BRITTLE COATING 

A brittle coating is defined as one which will fracture in re- 

sponse to a tensile strain in the structure beneath it. These cracks 

can indicate the direction and magnitude of the strain within the elas- 

tic limit of the base material and can provide a graphic picture of the 

distribution, location, direction, sequence, and magnitude of tensile 

strains. Coatings fracture at a predetermined value and cracks occur 

normal to the principal tensile strain. The values at which the coat- 

ings fracture are determined by a calibration method.(34). 

The material used in the brittle lacquer coating tests was 

Stresscoat, a product of the Magnaflux Corporation of Chicago, 

Illinois. Those readers who have had previous experience with this 

product may recall that it was difficult to handle and apply, required 

some special equipment, and was extremely sensitive to temperature 

and humidity variations. Most of these short -comings have been 

eliminated by the development of coatings which are insensitive to 

humidity and are packaged in aerosol spray cans. Because of these 

simplifications the product is now very easy to use and control. 

The accepted method of using Stresscoat requires that the sur- 

face of the member to be tested be smooth and grease -free. An 

aluminum spray paint undercoat is applied to provide reflectivity and 

the coating is sprayed over this (34). Certain modifications of the 
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normal procedure were found to improve the performance of the coat- 

ing on wood. 

Alternate use of clear sanding lacquer and fine sandpaper pro- 

duced a smooth surface which was treated with the vapor degreasing 

and cleaning agent supplied in the Stresscoat kit. The aluminum un- 

dercoat was sprayed on and allowed to dry before the brittle lacquer 

coating was applied. If the drying time allowed for the paint is insuf- 

ficient, large bubbles appear in the lacquer within a few minutes of 

application. This observation agrees with the effect noted by Yavor- 

sky (38) who was apparently one of the first to apply this method to 

wood. 

At the same time the coating was sprayed on the wood test 

piece, an aluminum calibration bar was also coated. The test piece 

and the calibration bar were kept together until the test was completed 

to insure that both were subjected to identical drying and curing his- 

tories. 

The test procedure requires that the specimen be loaded in 

steps to cause the coating to crack. The calibration bar is deflected 

in a special loading jig to determine the threshold value of the coating, 

i.e., the minimum strain required to cause the coating to crack. 

The test samples were loaded in a Baldwin BLW universal test- 

ing machine without successful results. It was finally determined 

that the machine was not providing pure axial loading. Therefore a 
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modified loading arrangement was devised which put the coating in 

pure tension by loading the specimen in pure bending. This loading 

arrangement is shown in Figure 3. 

Stresscoat 

d 

Figure 3. Loading arrangement employed in Stresscoat test. 

By varying the load P applied by dead weights, it was possi- 

ble to vary the bending moment between supports and thus the tensile 

stress at the surface. Since Stresscoat gives an indication of the 

state of strain on the surface of the specimen only, this can be equat- 

ed to the state of strain produced by an equivalent axial load.(Table 2). 

The results of this test are pictured in Figures 4 and 5. Note 

that the first cracks appear around the joint at an axial load of 818 

psi. These cracks represent a strain of 425 microinches / inch as 

determined from the calibration bar. Note also that there are a few 

random cracks appearing elsewhere on the surface of the coated area. 

-- d --- 
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At 1214 psi there are cracks over most of the surface and the crack 

density increases with increasing load. Because the coating is rela- 

tively insensitive to small changes in strain, there is not enough in- 

formation present to make a quantitative analysis about the stress 

distribution. However, it seems reasonable to infer (from the over- 

all shape of the crack pattern) that the region of influence of the joint 

extends about one inch from the joint along the longitudinal axis. 

The ordinary analysis techniques applied to Stresscoat data are 

further complicated by the fact that wood is not an isotropic material. 

The patterns which develop show the directions of the principal ten- 

sile strains at any point. In this anisotropic material the principal 

stress directions do not coincide with the principal strain directions, 

except when the principal stress acts along one of the orthotropic 

axes of the wood (6). This is evident in the regions removed from 

the joint of the specimen in Figure 5 (c). Because the region is in 

pure tension, the crack pattern should run in straight lines perpendi- 

cular to the longitudinal axis. This is not the case, however. The 

cracks are wavy lines and indicate that the directions of principal 

stress and principal strain are inclined to one another. This is asso- 

ciated with small deviations in the grain angle which can cause large 

deviations in the direction of the principal strain in any region (6). 
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Figure 4. Stresscoat crack patterns for various loads. lit 
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(a) 2040 psi (b) 2430 psi (c) 1235 psi 

Figure 5. Stresscoat crack patterns for various loads. 
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If the tests had supplied sufficient information for analysis, it 

would be possible to convert the information on principal strain to 

principal stress by the use of a proper transformation (17, p. 12). 

This can be exceedingly difficult and tedious, and in this case is not 

warranted. 

Stresscoat has provided a look at the strain region around the 

joint. What information is present is accurate because the aniso- 

tropy of the wood is certainly accounted for. With proper handling 

and under ideal conditions, Stresscoat is capable of yielding quantita- 

tive results on metal within +10% (34). No data reduction has been 

attempted here, however, because of the complexities involved. 
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MOIRE GRIDS 

Moiré is a French word used to describe a watered silk textile 

with a wave -like pattern. The name has been applied to the optical 

phenomenon produced when two somewhat similar arrays of closely 

spaced lines or dots are superimposed and viewed with transmitted or 

reflected light. The pattern of light and dark interference fringes 

which results can be commonly seen in a set of mismatched window 

screens. 

The arrays employed in stress analysis usually consist of opaque 

parallel lines of equal spacing (pitch). The array is called a grid if 

it is composed of two sets of orthogonal lines and a grille if there is 

only one set of lines. It is common when using pitch densities of 500 

lines /inch or greater to replace the opaque line with a row of tiny dots 

which are then free to move independently. 

When two arrays of equal pitch are superimposed so that the 

lines match exactly, the light field will be uniform. If a grid is first 

bonded to the surface of a model which is then deformed, the grid will 

also be deformed and the line spacing will change from point -to -point 

depending on the displacement. When the undeformed array (general- 

ly a grille and referred to as the "master ") is superimposed on the 

deformed grid, the mismatch causes the characteristic pattern of light 

and dark fringes to appear. This mechanism is illustrated in Figure 6. 
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It is evident that a moiré fringe will be formed every time an opaque 

line from one arrayblocks the light transmitted through one of the 

spaces of the other. Therefore, a fringe will become visible when- 

ever the model displacement along a given line perpendicular to the 

lines on the master equals the pitch of the master (9). If numerous 

fringes are formed between two points on a given line, then the total 

displacement between the points is given by the product of the number 

of fringes, or fringe order, and the pitch. In other words, each 

fringe is the locus of points of equal relative displacement in the di- 

rection normal to the master grid (31). 

The moirgmethod offers several distinct advantages, especially 

for certain applications. Some of the appealing features are: 

1. Displacement data can be obtained for every point in the 

region of interest. 

Z. Visual observations without measurements locate regions 

of high strain and provide information on the nature of gra- 

dients (9). 

3. The geometric transformation of the surface is given direct- 

ly without relying on an intermediate property as do photo - 

elasticity or strain gages. 

4. Measurements are not influenced by environmental changes 

unless they affect the model itself. 

5. The measurement of large elastic and plastic strains in 
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thin films or low E modulus materials is made possible 

without introducing reinforcing effects. 

Conversely, some of the limitations are: 

1. At the present time, only a two dimensional analysis is 

possible. 

2. For precise analysis, the displacement field obtained 

should be differentiated to find the strains. This can be 

involved, but if simplified techniques are used the method 

lacks precision. 

3. It is sometimes necessary to manufacture a model. Bond- 

able reflective grids applied to the prototype simplify this 

in part, provided the displacements are large (25). 

4. The sensitivity is low. 

5. The grids are expensive. 

An illustration of this last item is the 1 -" x 2" grid with pitch 

density of 1000 lines /inch used in this experiment and cut from a 

4" x 4" grid which cost $105.00. The master grille cost an addition- 

al $200.00. Since some practice in bonding procedures was required, 

the total cost rose even higher. It should be mentioned, however, 

that because grids and grilles must be manufactured to precise toler- 

ances if they are to function properly, it is understandable that the 

prices are high. 

The analysis is conducted by reducing the data contained in the 
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fringe patterns obtained when the master is oriented in two directions 

90 
0 apart. This distance between the centers of adjacent fringes is 

given by: 

where 

d =P-(1+E) 
E 

d is the fringe spacing 

p is the pitch of the master 

E is the strain perpendicular to the grid lines (+ for tension, 

- for compression) 

(7) 

The normal strain can be calculated if p is known and d deter- 

mined from: 

-2-- 
E d±p (8) 

If the directions normal and parallel to the lines on the master are 

chosen as the x and y coordinates, and if the strain is small so 

that d » p then Equation (8) reduces to 

and 

x d 
x 

E 

y d 
Y 

where d and d are the distances between fringes measured . 
x y 

along the respective axes (1 0). 

(9) 

= 

_ 



where 

Similarly, the shear strains can be found from: 

y =A -9 
xy x y 

_ 
O -P- 

x h x 

O = - 
y h 

Y 
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(10) 

and h , h are the distance between fringes measured parallel to 
x y 

the master grid lines along respective axes. 

For this experiment the surface of the wood specimen was pre- 

pared by fine sanding and then degreased with acetone. The grid, 

which is provided with a stainless steel backing, was cemented to the 

specimen with a special black epoxy adhesive. After the necessary 

curing time had elapsed, the backing was peeled off leaving the array 

securely mounted on the surface of the lamination. When the master 

was superimposed on the test grid and properly aligned, only a uni- 

form gray field with no fringes was visible, indicating an unstrained, 

undeformed installation. 

This test was run in much the same way as the Stresscoat test, 

however only the 3650 psi load was applied. The result is pictured 

in Figure 7(a) which shows the pattern obtained when the master was 

aligned perpendicularly to the longitudinal axis. The joint appears 

at the upper right corner of the grid. An air bubble is visible slightly 
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to the left of center. Note that only one distinct fringe in the two inch 

length of the moiré grid is visible. Along this line, the displacement 

in the x- direction is .001 inches. With the applied load of 3650 psi 

and an E modulus of 2 x 10 
6 psi, strains of the order of 2000 

microinches /inch are expected. This would produce fringe separa- 

tions of roughly one -half inch in a uniformly deformed region. Unfor- 

tunately, this resolution was not obtained in the x- orientation. 

Even if all the fringes had been distinct, the information is insuffi- 

cient to provide an adequate solution. When the data are reduced as 

outlined above, the strain measurements are averaged over the dis- 

tance between fringes. This implies a gage length of approximately 

inch at best. Therefore, it must be concluded that the 1000 line 

per inch grid, as used, is not sensitive enough to provide the neces- 

sary data. 

The experiment does provide a visual impression of the state of 

strain around the joint. The lamina which contains the joint appears 

virtually unstrained (less than 1000 µ in /in) for a distance of approxi- 

mately one inch from the joint. In addition, the strain gradient in the 

nearest laminae appears to be quite steep in the vicinity of the joint. 

Figure 7(b) which shows the fringes associated with the transverse ori- 

entation of the master depicts a fairly uniform strain gradient across 

the section with a very slight steepening adjacent to the joint. 

1 
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The low sensitivity obtained can be overcome in several ways. 

The moiré grid can be bonded to a model constructed from an easily 

deformablematerialsuchas urethane rubber (12). The advantage of 

dealing directly with the prototype and its orthotropic behavior is then 

lost. A. similar test was attempted with unsuccessful results. A 200 

line /inch wire filament grid was bonded to a cast epoxy model which 

was then loaded at elevated temperature to obtain large deformations. 

The test failed because the wire grid cracked in a non -uniform man- 

ner over the region of interest. 

Recent research by Sciammarella (30) has produced an "optical 

law" and an experimental method which permits full use of the infor- 

mation present in the moiré pattern. Sensitivity is increased without 

requiring the use of finer grids. With special equipment, data are 

obtained from the slight variations in light intensity over the field. 

In this way the effective gage length is shortened considerably and a 

much more accurate solution can be obtained. 

Another alternative involves the intentional mismatch of the 

master and the grid to provide fringe multiplication. This, too, de- 

mands expensive special equipment and a skilled operator (25). 
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STRAIN GAGES 

Because they are extremely reliable and relatively easy to use, 

strain gages have enjoyed great popularity with the stress analyst. 

Since the gages can be calibrated to read out strain directly in micro- 

inches inch, data reduction is greatly simplified. Electrical re- 

sistance type gages were the only ones considered here because the 

strain gradient anticipated is too high for the 2 inch minimum gage 

length of mechanical gages (10). 

For this reason, Budd Metalfilm Strain Gages, manufactured 

by the Budd Company, Phoenixville, Pennsylvania, with a gage length 

of 16 of an inch were selected. The successful application of strain 

gages to wood is a matter of record (8, 10, 35). One advantage is 

that the gages do not require the manufacture of a model. They are 

applied directly to the orthotropic laminated structure, thus minimiz- 

ing variables and simplifying assumptions. 

The surface of the specimen was prepared by a sanding and 

lacquering technique similar to that used for Stresscoating. The 

gages were then bonded to the specimen with cyanoacrylate (Eastman 

910) adhesive, which has been reported to be very suitable for this 

application (10, p. 70). 

Because strain gages permit only a point -by -point analysis, 

many must be employed if whole field information is required, Based 
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on the information received from the other tests, it was decided to 

investigate the strain in the x- direction along the x and y axes 

(Figure 8). The gages were installed as shown with temperature corn - 

pensation provided by wiring a dummy gage into each circuit. 

(_J 

(7) (81 

0.10 in. from joint 

Figure 8. Strain gage locations. 

The laminated beam was loaded in bending as described earlier 

(Figure 3) and the strain data taken for various loads. These data 

were plotted against the gage position. The resulting family of curves 

appears in Figure 9. Note the very close agreement between the 

strain measurements of gages six and nine. If this value is taken as 

the nominal strain, E , the strain concentration can be computed 
n 

for each gage location. This information is presented in Figure 10. 
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Unfortunately, no information could be obtained for the region 

closer to the joint than 0.125 inches along the y- -axis. In addition, 

the gage length, even though very short, might still mask a very 

steep strain gradient close to the joint. Although this point by point 

strain determination is the first method to supply any reliable quanti- 

tative results, a whole field approach is still indicated. 
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PHOTOELASTIC COATINGS 

Fritz's research shows that this method of measuring strain in 

wood gives reliable results (17, p. 99). To illustrate the procedure, 

he placed a photoelastic coating over the section of a laminated beam 

containing a butt joint and then tested the joint under tension and com- 

pression. His conclusions were discussed earlier. 

The photoelastic coating method has been accepted with growing 

confidence of late because stress analysts have obtained consistent 

results which compare favorably with those found from strain gages 

and transmission photoelasticity (28). Tuppeny (35) stated that 
8 

inch thick reflective photoelastic coatings applied to wood are capable 

of producing as many fringes as are typically developed in model pho- 

toelasticity. However, controversy has continued over the accuracy 

of the coating method near geometrical discontinuities and in other 

regions with steep strain gradients (28). 

The zone of questionable accuracy is considered by some 

researchers to extend a distance of only a few times the thickness of 

the coating from the discontinuity. Others claim that the coating is 

accurate to the edge provided the geometry of the coating and the pro- 

totype match exactly (24). For qualitative results such as those ob- 

tained by Fritz, this discrepancy is unimportant. However, the effect 

must be considered for a more quantitative determination cf the stress 
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concentration factor in close proximity to the joint. 

In order to compare results, two photoelastic coating specimens 

were prepared. On one the coating was applied with no discontinuity 

in the photoelastic material so that it completely covered the region 

surrounding the joint. The photoelastic pattern which developed when 

this specimen was subjected to a tensile load is shown in Figure 11. 

This pattern agrees with that obtained by Fritz. Note that the region 

of influence of the stresses around the joint extends approximately 

one inch in the longitudinal direction and little more than 2 inch in 

the transverse direction. 

The second specimen was prepared so that the geometry of the 

coating and the lamination matched in the region of the discontinuity. 

The pattern formed in tension under varying loads is shown in Figure 

12. A comparison of Figure 11 (b) and Figure 12(c) shows that for 

similar loads more fringes are developed around the joint when the 

plastic coating shares the discontinuity. Therefore, a higher stress 

concentration is indicated. Although the overall shape of the pattern 

is quite different, the region of influence appears to be about the same 

in both cases, 

2 



(a) 2100 psi (b) 2400 psi 

Figure 11. Fringe patterns formed by continuous photoelastic coating. 
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By using the reflective polariscope and traditional photoelastic 

data reduction methods, the researcher can analyze the patterns of 

Figure 12 to provide the desired stress concentration information. 

This involves taking photos or tracings of the isoclinics and iso- 

chromatics, plotting curves, and picking the data from these curves. 

For years this was the only method of data reduction available. It is 

adequate, but lacks the precision of more recent advancements in 

transmission photoelastic techniques. The transmission Polaris cope 

Model 052 manufactured by Photolastic, Incorporated of Malvern, 

Pennyslvania, is a precision instrument ideally suited to handle a 

problem of this type. 

To utilize the greater potential of the transmission method of 

photoelastic analysis, it is necessary to make a model of the proto- 

type from a suitable photoelastic material. The wooden member un- 

der consideration though anisotropic, is generally assumed to be or- 

thotropic. In addition, the elastic constants involved vary from spec- 

imen to specimen (36). The variation is minimized in this particular 

problem by the fact that the stresses occur in a laminated structure 

which averages out the slight discrepancies in properties of the lam- 

inae. In addition, the theoretical development by Ang and Williams 

which resulted in Equation (2) infers that the stress along the y -axis 

as chosen is independent of the orthotropic behavior. The question 

arises, however, whether or not a model made from an essentially 
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isotropic material is truly representative of the orthotropic prototype. 

This question has not been fully answered, but a comparison of 

the stress patterns obtained from the model (Figure 14) shows such 

a close correlation to those obtained from the photoelastic coating 

(Figure 12) that the results are acceptable. 
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PHOTOELAS TIC ANALYSIS 

The optical phenomenon of the photoelastic effect was first ob- 

served by Brewster in 1816 (20). Later investigations revealed that 

some transparent materials such as glass and certain types of plas- 

tics are optically isotropic when unstrained, but under stress they 

become optically anisotropic. Certain characteristics of natural 

crystals, in particular birefringence, were evident when these mater- 

ials were viewed in the polaris cope (20). The reader who is unfamil- 

iar with the theory and mechanics of photoelastic analysis is referred 

to bibliographical entries 5, 7, 8, 10, 11, 13, 14, 18, 20, 21, and 

35. 

In essence, the photoelastic method, including the reflective 

coating, provides the analyst with the difference between the princi- 

pal stresses, 0-1 - 
2 

and the angle one of these stresses makes 

with an arbitrary reference. For a complete solution to the stress 

distribution problem, a third quantity is needed (35). Some common 

procedures for supplying this third quantity are: 

1. the oblique incidence method, which provides 0-1 + 0-2 

directly, 

2. the numerical iteration method, 

3. electrical and mechanical analogs, 

4. the shear -difference method. 

0- , 
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Of these, the shear- difference method was selected because it re- 

quires no equipment in addition to the model 052 polariscope which is 

ideal for this purpose. 

For the tests, models were made to a scale of 1 :1 (in two di- 

mensions) by machining strips from 
4 

inch thick cast epoxy sheets 

provided by Edelman (16). The models were built up by gluing the 

strips together using Photolastic Cement PC -6, selected because of 

its low modulus (E = 300, 000 psi) and because of its maximum usable 

temperature of 400°F. 

The models were assembled in several configurations (Figure 

13). A. sheet of Teflon 0.003 inches thick was placed in the butt 

joint to provide the desired spacing and to insure that the joint itself 

would not be glued shut as had happened on a previous attempt. The 

assembly was allowed to cure at room temperature for 36 hours after 

which the excess opaque adhesive which had seeped out onto the view- 

ing surface was scraped off. This resulted in some surface scratch- 

es and blemishes, but in no way impaired the photoelastic qualities 

of the models. It should be noted that the completed models were 

totally free of residual stresses, an achievement hitherto unattained 

with any of the other materials employed. In addition, highly success- 

ful adhesive bonds between the laminae were obtained as evidenced by 

the manner in which isochromatics and isoclinics crossed from one 

member to the next. 
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Model 1 Model 2 Model 3 

Figure 13. Model configurations for transmission photo - 
elastic analysis. 

Aluminum blocks were fastened to the ends of the models to 

insure that the applied tensile load was distributed uniformly over the 

cross sectional area. The blocks were secured with adhesive from 

the Hysol Epoxí -patch kit Number 1G, which was selected because of 

its high temperature properties. 

The decision was made to use the "stress freezing" technique 

in forming the pattern for analysis. In actuality, it is the stress pat- 

tern which is ''locked -in" to the model and not the stresses themselves; 
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but stress -freezing has come to be the generally accepted term de- 

scribing this process. 

The main advantage in stress freezing is realized in three di- 

mensional analyses when the model is sliced into thin sections which 

are then studied two- dimensionally (20, 35). Although in this case 

no slicing was intended, the procedure allowed a great deal of con- 

trol in the development of the stress pattern and made it possible to 

place the model in the various polariscopes in any orientation without 

the need of the cumbersome loading frame. 

The completed models were placed in the oven and allowed to 

heat slowly to 60°C, the temperature determined by Edelman to be 

the proper one for stress freezing this material (15). The oven is 

designed so that the operator can view the models through a polari- 

scope while they are subjected to the stress freezing cycle. Suspend- 

ed in the oven at 60°C with no load other than their own weight, the 

models remained stress free. 

The fringe pattern developed gradually as the load was in- 

creased in two pound increments. At first it appeared that only the 

neighboring laminae of the joined laminar member were affected by 

the discontinuity. As the load was increased, this influence could be 

observed to pass over the glue line into the material of the next near- 

est neighbors, Note that in Figure 14(a) the lamina furthest removed 

from the joint is least affected. In Figure 14(b) this is even more 
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noticeable as the two layers furthest removed are relatively un- 

affected. In both cases, practically all effects of the joint have van- 

ished two inches away in the direction of the tensile force. The 

statement that the effect is negligible was based on the fact that the 

stress distribution across the width of the specimen appears uniform. 

This is not readily apparent in the photo since it occurs outside the 

field of the picture. 

Four models were analysed with the polariscope, two for con- 

figuration number one, and one each for configurations two and three. 

The stresses in the x- direction along the lines of interest were com- 

puted from the data, and the results are outlined in Tables 3, 4, 5, 

and 6. The stress concentration factor, k, was obtained by divid- 

ing Ux at a given point by the nominal tensile stress (Tn. These 

values are plotted against the distance from the joint expressed in 

the dimensionless quantity d where d is the distance in inches 
o 

and do is the width of the laminae. These curves appear in Fig - 

ures 15, 16, 17, and 18. Note that k is quite high close to the 

joint on the y -axis but drops off very rapidly to approach unity in 

less than one laminar unit. Along the x- direction, the stress con- 

centration factor at the joint is zero and increases gradually with 

distance. The joined member apparently carries its full share of the 

Load within two to three laminar units from the discontinuity. An ex- 

ception is the model with the joint in the outside lamina. In this case, 
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k has leveled off at approximately 0.85 at a distance of two units 

from the joint. Either because of loading conditions or length of the 

model, this layer has not developed its full share of the load in the 

region of interest. A more quantitative statement cannot be made at 

this point. 

A static equilibrium check indicates that the percentage error 

to be expected in this analysis ranges from 2.3% to 6. 3% and aver- 

ages about 5. 1 %. The generally accepted accuracy for photoelastic 

stress analysis is approximately 5.0% (18). 



(a) Model 1 (b) Model 2 (c) Model 3 

Figure 14. Typical fringe patterns for transparent photoelastic models. 
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CONCLUSIONS 

The conclusions reached by Fritz with respect to the extent of 

the region of influence are essentially correct although on the conser- 

vative side. However, the peak stress concentration which occurs 

in the members adjacent to the joint at the discontinuity is quite high. 

This is indicated by the theoretical solution which predicts that 0"x 

is infinite at this point. The actual peak value in the real material 

was not determined because of inability to resolve the fringe order 

in the region within 0.010 inches of the joint. The percentage error 

values computed may well have been lower if this figure could have 

been accurately determined. A comparison of the strain gage results 

with the transmission photoelastic data shows that they are in very 

close agreement. Figure 15 includes selected strain gage k fac- 

tors. Results also point out the disadvantage of strain gages or any 

other point -by -point method of analysis. The information obtained is 

accurate, but the investigator has no way of knowing about the rapid 

rise of k closer to the joint than 0.1-25 inches. This close agree- 

ment for comparable points is offered as further evidence in support 

of the contention that the model does indeed represent the prototype. 

That the resulting curves compare favorably with the predicted behav- 

ior according to the theoretical solutions is also encouraging. 

A comparison of the stress analysis techniques employed in 
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this investigation is illuminating. While Stresscoat brittle lacquer 

was very easy to use, inexpensive, and gave a fair qualitative look 

at the solution, the moiré grid method, though easy to apply, was 

fairly expensive and lacked the sensitivity to do the job without very 

elaborate additional equipment and a skilled operator. 

The strain gage method has been discussed in part. The appli- 

cation of the tiny gages requires some skill in mechanical ability and 

in deducing the best place to put the gages. A possible compromise 

approach would be the use of Stresscoat to locate suspected regions 

of high strain and the subsequent application of gages to these critical 

areas for more specific readings. 

The transparent model in the transmission polariscope has pro- 

vided the most precise solution. This, too, is a complex method of 

stress analysis and requires a skilled operator to make the model, 

apply the load, operate the polariscope and reduce the data. In addi- 

tion, the necessary equipment is very expensive. 

The reflective coating technique is probably the best compro- 

mise method if care is taken to match the geometry of the coating and 

the prototype and to apply the coating properly. For a qualitative 

analysis a simple sheet of photoelastic polaroid is all the equipment 

necessary to obtain a pattern similar to Figure 12. 

Transmission photoelasticity is a powerful tool which in the 

hands of the stress analyst can be used successfully to solve some of 
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the problems of stress distribution in wood. The method employed 

to obtain the solution presented can be easily extended to provide 

similar information on the characteristic stress behavior around 

joints of other configurations under different loading conditions. 
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Table 1. Stress concentrations for theoretical solutions. 

Elliptical Hole 

k 

Orthotropic Plate 

Y1 

do 
0 

Y 

d2 
0 

0.002 19, 0 0.05 3.65 

0.01 4, 85 0, 10 1.83 

0.03 2.97 0.25 1.35 

0.07 2. 26 0.4 1, 203 
0. 125 1.34 0. 5 1, 153 

0. 20 1.21 1, 0 1.06 

0.40 1, 15 

0.80 1,06 x 
k 

2. 02 1.01 do 

0. 025 

0.50 

1,0 
2.5 

0, 22 

0. 56 

0. 83 

0.93 

Table 2. Axial stress and equivalent axial load obtained 
by loading method of Figure 3. 

P 
x 

Equivalent 
Axial Load 

4. 5 lbs 396 psi 297 lbs 
9,3 818 614 

13.8 1214 912 
18,7 1647 1235 

23,2 2040 1530 
27.6 2430 1825 
32.1 2825 2120 
37.5 3300 2425 
41.5 3650 2740 

x 

k 

Y2 

U 

6x 



Table 3. Data reduction by shear- difference method model 1 -A, 10 lb load p 60°C. 

y1 
y " 

1 o x 

0. 010 inch 
0. 015 
0.020 
0. 025 
0. 030 
0.035 

0. 04 

0. 06 

0.08 
0. 10 

0. 12 

0.14 

11. 7 fringes 
9.4 
8.2 
7. 5 

7. 2 

7.0 
0. 040 0. 16 6.9 
0. 045 0. 18 6. 8 

0.055 0.22 6.8 
0. 065 0. 26 6.6 
0. 085 0. 34 6. 3 

0. 105 0.42 6. 0 

0. 115 0.46 5.8 
0. 125 0. 50 5.7 
0.135 0.54 5.5 
0. 145 0. 58 5. 5 

0. 165 0. 66 5. 3 

0. 185 0. 74 5.2 
0. 205 0. 82 5. 1 

0, 225 0.90 5.0 
0. 245 0.98 4.9 
0. 265 1, 06 4.8 

x 

x 
k= 

d a- 
o x n 

x 

ß = 4.85 fringe 
n 

d = 0.25 inch 
0 

0.010 inch 
0.015 
0.020 
O. 025 

0.04 
0. 06 
0.08 
0. 10 

0 

0 
0.04 
0.09 

fringes 0 
0 
0.01 
O. 02 

error = 2.3% 0, 030 0. 12 0. 14 0, 03 

Y2 k- ox 0.035 0. 14 0. 19 0, 03 

Y2 d 0.040 0.16 0.22 0.05 
6x 2 o 

x n 0.045 0.18 0.36 0.07 
O. 010 inch 0.04 12.2 fringes 2. 5 k 0.055 0.22 0. 57 0. 11 

n 0. 015 0.06 11.5 2.4 0.065 0.26 0.79 0.16 
2.4 0.020 0. 08 11.0 2. 3 0.075 0. 30 1.05 0.21 
1.9 0. 025 0. 10 10. 7 2.2 0.085 0. 34 1.35 0.28 
1.7 0.030 0.12 10.4 2,1 0.105 0.42 1.88 0.39 
1. 5 0.035 0. 14 10, 1 2. 1 0. 125 0. 50 2.31 0.48 
1. 5 0.040 0. 16 10.0 2.0 0. 145 0.58 2.59 0.53 
1.4 0.045 0.18 9.9 2.0 0.165 0.66 2.86 0.59 
1.4 0.050 0. 20 9.5 1.9 0. 185 0. 74 3.20 0.66 
1.4 0.055 0. 22 9.2 1.9 0.205 0. 82 3.45 0.71 
1.4 0.060 0.24 9.0 1.8 0.225 0.90 3.57 0.73 
1, 3 0.065 0.26 8.8 1.8 0.245 0.98 3.76 0.78 
1.3 0.070 0.28 8.6 1. 7 0.265 1.06 3.87 0.80 
1, 2 0.075 0.30 8.4 1. 7 0.285 1. 14 3.90 0.81 
1.2 0.080 0.32 8.1 1.7 0.305 1.22 3.90 0.81 
1. 2 0.090 0.36 7.8 1.6 0.325 1.30 3.96 0, 81 

1.1 0.100 0.40 7.4 1.5 0.350 1.40 4.07 0.84 
1, 1 0. 110 0.44 7. 1 1.4 0.375 1. 50 4. 19 0.86 
1. 1 0. 130 0. 52 6.6 1, 3 0.400 1.60 4. 19 0.87 
1. 0 0. 150 0.60 6. 1 1.2 0, 475 1.70 4. 19 0.87 
1. 0 0. 175 0.70 5.8 1.2 0.450 1.80 4.27 0 .88 
1. 0 0.200 0.80 5.7 1. 1 0. 500 2.00 4.63 0 .95 
1. 0 0.225 0.90 5.6 1. 1 0. 550 2.20 4, 64 0 .95 
1. 0 0.250 1,00 5.3 1. 1 0.600 2.40 4. 83 0.99 

y 
11 

II 

I 

"2 a- 

Un 



Table 4. Data reduction by shear -difference method model 1 -B, 5 lb load c 60°C. 

Yi 

yl do 6x 

0, 005 inch 0. 02 2. 0 fringes 
0. 010 0. 04 1. 7 

0.015 0.06 1.5 
0. 020 0. 08 - -- 
0. 025 0. 10 1, 2 

0. 030 0. 12 1. 1 

0.035 0.14 1.0 
0. 040 0. 16 0. 9 

0. 045 0. 18 0.9 
0. 055 0. 22 0. 8 

0. 065 0.26 0. 8 

6 =.77fringe 
n 

d =0.25inch 
o 

error =- 5.85% 

x 
d 

o 
o- 

x 

6x k=- 
n 

0. 005 inch 
0.010 

0.02 
O. 04 

0. 007 fringes 
0. 008 

x 0.015 0.06 0.010 
0. 020 0.08 0. 011 
0. 025 0. 10 0.018 
0.030 0.12 0.039 
0.035 0.14 0.063 - - -- 

y2 6x 0.040 0.16 0.073 0.09 
y2 do 6 6n 0.045 0. 18 0.086 0. 11 

0.050 0.20 0.100 - - -- 
0. 005 inch 0.02 4.0 fringes 5. 3 0.055 0.22 0. 124 0. 16 

0.010 0.04 2.6 3.5 0.060 0.24 0.149 ---- 
0.015 0.06 2.2 3.0 0.070 0.28 0.182 0.24 
0. 020 0. 08 1. 8 2.4 0, 080 0.32 0. 207 

6x 0.025 0.10 1.7 2.2 0.090 0.36 0.237 
k 6n 0.030 0.12 --- - -- 0.100 0.40 0.264 0.34 

0.035 0.14 1.4 1.9 0.110 0.44 0.281 - - -- 
2. 7 0.040 0. 16 - -- - -- 0. 120 0.48 0.301 - - -- 
2. 3 0.045 0. 18 1.3 1.7 0.130 0.52 0.320 0.41 
2.0 0.050 0.20 1.2 1.6 0.140 0.56 0.337 - - -- 
- -- 0. 060 0.24 1.2 1.5 0. 150 0. 60 0. 362 -- -- 
1. 6 0.070 0.28 1. 1 1.4 0.160 0.64 0.387 0. 50 
1.5 0. 080 0.32 1.0 1.4 0. 180 0.72 0.411 - - -- 
1.2 0.100 0.40 1.0 1.3 0.200 0.80 0.430 - - -- 
1.2 0. 125 0.50 0.9 1.2 0.220 0.88 0.446 0. 58 
1.2 0. 150 0.60 0.9 1.2 0.240 0.96 0, 465 
1. 1 0. 175 0.70 0.8 1. 1 0.265 1, 06 0.502 - - -- 
1. 1 0. 200 0.80 0.8 1. 0 0.290 1. 16 0. 517 0. 6 7 

yl 
x 

I 

y2 

x 

--- - - 

-- -- 
- - -- 

- - -- 

k 

- - -- 

- - -- 



Table 5. Data reduction by shear -difference method model 2, 5 lb load (n 60°C. 

y1 

y2 

y2 

do 6 

0. 010 inch 0. 04 4.99 fringes 
O. 015 0. 06 4.25 
0. 020 0. 08 3.81 
0.025 0. 10 - - -- 
0. 030 0. 12 3.33 
0.035 0.14 - - -- 
0. 040 0. 16 2.96 
0.045 0.18 - - -- 
0.050 0.20 - - -- 
0.055 0.22 2.84 
0.060 0.24 - - -- 
0. 070 0. 28 2. 67 
0.120 0.48 - - -- 

Cr = 2.43 fringes 
n 

d = 0.25 inch 
o 

error = 5. 65% 

x 

d 
x ° 

Cr 
x 

6x 
k 6 

n 

y l 

y1 

do 6 x 

6x 

6n 

0.005 inch 
0.010 
0.015 

0.02 
0.04 
0.06 

10.3 fringes 
8.2 
7. 1 

4. 1 

3. 3 

2.7 x 

0. 025 inch 0. 10 0. 14 fringes 0. 06 0.020 0, 08 6.3 2. 5 

0.045 0.18 0.30 0.12 0.025 0. 10 5, 8 2. 3 

0.065 0.26 0.45 0.18 0.030 0. 12 5.3 2. 1 

0.085 0.34 0.62 0.25 0.035 0. 14 4.9 2.0 
0.105 0.42 0.84 0.34 0.040 0. 16 4.8 1.9 
0. 125 0. 50 1, 00 0.41 0, 045 0. 18 4.6 1.9 
0.145 0.58 1.18 0. 47 0.050 0.20 4.4 1.8 
0.165 0.66 1.35 0.54 0.055 0.22 4. 3 1. 7 

k_ 
6 x 0.185 0.74 1.47 0.59 0.060 0.24 4.2 1. 7 

6 0. 205 0.82 1, 59 0.64 0. 065 0. 26 4.0 1.6 
0. 225 0.90 1. 70 0.68 0.070 0.28 3.9 1.6 

2. 0 0.245 0.98 1.79 0.71 0.075 0.30 3. 8 1. 5 

1. 7 0. 265 1.06 1.88 0.75 0. 080 0. 32 3.7 1. 5 

1, 5 0. 285 1. 14 1.97 0. 79 0.085 0. 34 3.7 1. 

- -- 0. 305 1.22 2.03 0.81 0.095 0.38 3.6 1.4 
1. 3 0.325 1.30 2.10 0.84 0.105 0.42 3.4 1.4 
--- 0.345 1.38 2.17 O. 87 0.115 0.46 3.4 1.3 
1. 2 0.365 1.46 2.24 0.90 0. 125 0. 50 3.3 1, 3 

- -- O. 385 1.54 2.27 0.91 0. 135 0. 54 3.2 1. 3 

___ 0.405 1.62 2.28 0.91 0. 145 0.58 3. 1 1.2 
1.1 0.425 1.70 2.31 0.92 0.155 0.62 3.0 1.2 
- -- 0.445 1.78 2.35 0.94 0.175 0.70 2.8 1, 1 

1. 1 0.465 1.86 2.39 0.95 0. 195 0.78 2.6 1. 1 

- -- 0.485 1.94 2.43 0.97 0.215 0.86 2.5 1. 0 

Y2 x n 

k= 



60 

Table 6. Data reduction by shear -difference method model 3, 5 lb load @ 60°C. 

Y 

x 

c = 2.40 fringes 
n 

do = 0.25 inch 

error = 6.35% 

Y 

-! 
do 

o x 

6x - 
x 

x 

d 
o x 

(Tx 
k= 

(T 
n 

- 
n 

0.020 inch 0. 08 6.5 fringes 2.7 0.010 inch 0.04 0.01 fringes 0 
0.025 0.10 6.2 2.6 0.015 0.06 0.02 
0.030 0.12 5.7 2.4 0.020 0.08 0.06 ---- 
0.035 0.14 5.3 2.2 0.025 0.10 0.09 0.03 
0.040 0.16 5.0 2.1 0.030 0.12 0.13 0.05 
0.045 0.18 4.8 2.0 0.040 0.16 0.18 0.07 
0.050 0.20 4.8 1.9 0.050 0.20 0.25 0.10 
0.055 0.22 4.2 1.8 0.060 0.24 0.26 0.11 
0.060 0.24 4.1 1.7 0.070 0.28 0.33 0.13 
0.065 0.26 4.0 1.7 0.080 0.32 0.42 0.17 
0.070 0. 28 3.9 1.6 0.090 0.36 0.51 0.21 
0.075 0.30 3.8 1.6 0.100 0.40 0.61 0.25 
0.080 0.32 3.8 1.5 0.110 0.44 0.76 0.32 
0.085 0.34 3.7 1.5 0.120 0.48 0.86 0.36 
0, 090 0. 36 3. 6 1. 5 0. 140 0.56 0.96 0.40 
0.095 0.38 3.5 1.5 0.160 0.64 1.02 0.42 
0.100 0.40 3.5 1.4 0.180 0.72 1.05 0.44 
0.110 0.44 3.4 1.4 0.200 0.80 1.16 0.48 
0, 120 0.48 3, 2 1.4 0.225 0.90 1.28 0.53 
0.140 0.56 3.0 1.2 0.250 1.00 1.38 0.57 
0.160 0.64 2.9 1.2 0.275 1.1 1.48 0.61 
0.180 0.72 2.7 1.1 0.325 1.3 1.68 0.70 
0.200 0.80 2.6 1.0 0.375 1.5 1.98 0.82 
0.225 0.90 2.5 1. 0 0.475 1.9 2.00 0.86 

Cr 
k= 

a" 

--- - 


