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This paper reports on a study of the variation of stresses in a 
layered system using thin metal plates of steel, copper, and 
aluminum, having different physical characteristics, arranged 
in stacks of different ways, using SR-4 strain gages of the ro
sette type, when loaded with a wheel load on a soil subgrade. 
The stacks of metal plates were loaded directly by means of a 
hard rubber wheel attached to the head of a universal testing 
machine. 

From the strain measurements, the principal stresses to
gether with the maximum shear· stresses were evaiuaied. The 
studies show that the applied load being the same, the stress 
conditions in upper pavement layers are materially affected by 
variation of modulus of elasticity of the various layers of the 
pavement, the condition of the interface of the layers, and the 
direction of loading. 

•THE IIlSTORY of development of highway transportation indicates the necessity for 
continuous highway improvements. To provide for the increasing volumes and the 
heavier wheel loads of highway traffic, in the most economical manner, the designer 
faces the following two essential problems: (a) correct assessment of the forces which 
the highway must resist, and (b) correct proportioning to resist those forces in the 
most effective and economical manner. 

As far as is known to the author, there is very little information concerning exper
imental studies of stresses in a layered system. 

The studies reported here were done primarily to establish the nature of stresses 
in the layered system of pavements. To accomplish this, the variation in stresses in 
thin metal plates of steel, copper, and aluminum were studied. The metal plates 
were used to study the change in stress due to four variables: 

1. Varying arrangements of metal plates in stacks with regard to stiffness or mod-
ulus of elasticity. 

2. Varying types of contact surfaces between the plates. 
3. Variation in edge support conditions. 
4, Variation in the direction of the applied load. 

PROCEDURE 

Model Studies 

The pavement stress studies were made using metal plates as model pavement lay
ers. Each plate was 23 in. wide, 25 in. long, and Ye in. thick. The research made 
comprises the following specific studies: 

1. The effect of changes in plate arrangement. Three materials (steel, copper, 
and aluminum) were used with the following stacking arrangements from top to bottom: 
(a) steel, copper, aluminum; and (b) aluminum, copper, steel. 

2. The effect of (a) polished, (b) oiled, and (c) roughened contact surfaces between 
the plates. 

3. The effect of changes in the edge support condition. Plates were loaded with no 
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edge restraint and with edge restraint provided on three sides at the rate of 200 lb per 
side. 

4. The effect of load applied vertically and in an inclined manner. 

Criteria for Choice of Metal Plates and Design of the Model 

The metal plates were selected, because the materials have uniform physical prop
erties and strain measurements can be made easily with the electric resistance gages. 
The system of metal plates studied does not satisfy the conditions of similitude. The 
length and width of the plates were fixed by the maximum size that could be accommo
dated in the testing machine. The thickness of 1/e in. for each plate was selected on 
the basis of obtaining reasonably high strains with relatively small loads in order not 
to overstress the subgrade. Results indicate that this decision on plate thickness was 
essentially correct. Not knowing the exact theoretical relations for stress and strain 
in the four pavement layers, it was not possible to set down the exact conditions that 
would be necessary for similar stresses and strains in model and prototype. 

The plate system used is geometrically similar to various types of pavement-con
struction. As a model of particular pavement, the plate system is undoubtedly highly 
distorted. The contact conditions between the plates are also not similar to those 
existing in actual pavements. In spite of these deviations, it is considered that the 
stress patterns obtained will be similar to those existing in actual pavements. 

Subgrade for Pavement Models 

The model s labs and stacks of metal plates were supported on a soil subgrade of' 
ML material (unified classification system) contained in a 25%- by 23%- by 23-in. 
wood~n box, reinforced with an angle iron frame. The physical properties of the soil 
used for the subgrade are given in Table 1. 

The top of the subgrade was covered with a layer of aluminum foil and the box was 
coated with bitumen inside to minimize moisture loss. A thin layer of less than% in. 
of sand was placed over the aluminum foil to obtain good bedding for the strain gages 
placed on the bottom of the model pavement. The average moisture in the subgrade 
during the period of testing was found to be between 8 to 9 percent. 

Manner of Applying Load 

The load was applied to the metal plates in various arrangements by means of a 
small hard rubber wheel 4 in. in diameter attached to the head of a universal testing 
machine. A piece of sponge rubber 2 by 2 by%in. wasusedundertheloadingwheel. In 
addition to the vertical loading, with a view to studying the effect of inclined loading on 
the distribution of surface stresses, the loading wheel attached to the head of the uni
versal testing machine was deflected 11%0 from the vertical by shims on one side of 
the seating plate of the loading wheel. Tests were run with the inclined wheel pointing 
towards the gage quadrant as well as 
pointing away from the gage quadrant both 
for free and restrained edge conditions. 
Figure 1 shows the subgrade box in the 
universal testing machine together with 
the loading arrangement. Figure 2 shows 
the relation of load to size of loaded area 
for the hard rubber wheel. 

Method of Measuring Strains 

Strains were measured in each case 
both at the top and bottom of the stack of 
metal plates by the use of SR-4 strain 
gages of the equiangular rosette type. 
The strain gages were mounted in one 
quadrant in each case. Figure 3 shows 

TABLE 1 

PHYSICAL PROPERTIES OF 
SUBGRADE SOIL 

Property 

Liquid limit (%) 
Plastic limit, (%) 
Plasticity index (1,) 
Optimum moisture a('.! ) 
Optimum density a (pcf) 
Califor nia bearing ratio b (%) 

Value 

25.0 
21. 8 
3.2 

13.6 
109.1 
40.0 

aStandard Proctor. bAt time of testing. 
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Figure 2. Relation of load to size of 
loaded area for hard rubber wheel. 

the steel and aluminum plates on either 
side with mounted gages together with the 
scored copper plate in the middle. 

Conversion of Strain Data to Unit Strain 
Figure 1. Subgrade box in universal test
ing machine together with loading wheel, The strain data were reduced to prin

cipal stresses and shear stresses by a 
graphical method described by Bossart and Brewer (!), 

MODEL PAVEMENTS WITH THEIR PROPERTIES 

The 25- by 23- by %-in. metal plates were cut from rolled sheets of steel, copper, 
and aluminum. The modulus of elasticity and Poisson's ratio of the material in the 
plates were determined on standard tension test specimens prepared in accordance 
with ASTM procedure E 8 - 52 T, "Tension Testing of Metallic Materials." The mod
ulus of elasticity, E, and Poisson's ratio, u, were calculated from measured longitu
dinal and lateral strains obtained with SR-4 electrical resistance strain gages during 
the tension tests. The values of modulus of elasticity and Poisson's ratio obtained 
from the various metal plates are given in Table 2. Figure 4 shows the specimens 
used for determining the modulus of elas-
ticity and Poisson's ratio. 

All the contact faces of the plates were 

Figure 3. Steel and aluminum plates on 
either side with mounted gages; scored 

copper plate in middle. 

TABLE 2 

VALUES OF MODULUS OF ELASTICITY 
AND POISSON'S RATIO OBTAINED 

FOR THE VARIOUS METAL PLATES 

Type of 
Plate 

Aluminum 
Copper 
Steel 

Modulus of 
Elasticity E 

(psi) 

10. 3 X 106 

15.9 X 106 

28.3 Xl06 

Poisson's 
Ratio 

0. 34 
0.28 
0. 23 
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Figure 5. Location of SR-4 gages on alu
minum plate. 

polished to a high degree of surface 
smoothness for the initial tests, using 
emery cloth. For later tests with rough
ened surfaces, the contact surfaces of the 
plates were scored in two perpendicular 
directions, using a hard, pointed steel 

file. Figure 2. shows the scored copper plate in the middle. 

APPLICATION OF SR-4 STRAIN ROSETTES 

In this study, SR-4 equiangular rosettes of AR4-1 type were used for all strain 
studies on model pavements. In all the tests, the gages were located in one quadrant 

of the plates under test. The gages were 
; 

t--~~~~~~~- z, 

; 
Z5 

Figure 6. Location of SR-4 gages on steel 
plate. 

Figure 7, Model pavement in subgrade box 
with edge s restrained on three sides, 
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placed along lines at the edges and along the diagonal of the quadrant. Typical loca
tions of gages are shown in Figures 5 and 6. For the tests on the various stacks of 
metal plates, a central rosette was used only on the bottom plate, and it was necessary 
to install and remove this gage as the stacking arrangement was varied. For the re -
mainder of the gage locations, the rosette gages as mounted at the beginning were used 
again and again for the different stacking arrangements tested. 

The SR-4 gages were mounted on the metal plates adhering to the recommended 
procedure by the manufacturers for mounting the gages. The gages were waterproofed 
by applying hot petrocene wax over them. The steel and aluminum plates with gages 
mounted and ready for test are shown in Figure 2. 

TEST PROCEDURE 

The model pavement comprising the metal plates with mounted gages was carefully 
seated over the prepared subgrade and, at the same time, the leads of the gages on the 
bottom face were drawn through holes provided in the side. 

For the restrained edge condition, precalibrated springs were used for restraining 
the edges on three sides of the model pavements. The edges were restrained by pro
viding the required defiection in the calibrated springs by screwing down the nuts on 
the angle iron frame set over the springs. Figure 7 shows a model pavement in the 
subgrade box with edges restrained on three sides to simulate edge condition of a road 
pavement. The subgrade box was then loaded into the universal testing machine and 
carefully centered. 

The following series of eight tests were conducted: 

1. Aluminum plate on top and steel plate at bottom with copper plate in between, 
polished surfaces, vertical loading, tested once with free and once with restrained 
edges. 

2. Steel plate on top and aluminum plate at bottom with copper in between, polished 
surfaces, vertical loading, tested once with free and once with restrained edges. 

3. Steel plate on top and aluminum plate at bottom with copper plate in between, 
oiled surfaces, vertical loading, tested once with free and once with restrained edges. 

4. Aluminum plate on top and steel plate at bottom, with copper plate in between, 
oiled surfaces, vertical loading, tested once with free and once with restrained edges. 

5. Aluminum plate on top and steel plate at bottom, with copper plate in between, 
roughened surfaces, vertical loading, tested once with free and once with restrained 
edges. 

6. Steel plate on top and aluminum plate at bottom, with copper plate in between, 
roughened surfaces, vertical loading, tested once with free and once with restrained 
edges. 

7. Steel plate on top and aluminum plate at bottom with copper plate in between, 
roughened surfaces, tested with inclined load at 11%0 to vertical (pointing away from 
gage quadrant), once with free and once with restrained edges. 

8. Steel plate on top and aluminum plate at bottom with copper plate in between, 
roughened surfaces, tested with inclined load at 11 % 0 to vertical (pointing towards the 
gage quadrant), once with free and once with restrained edges. 

The model pavement slabs were loaded directly by means of a hard rubber wheel 
attached to the head of a universal testing machine. 

The strain measurements were made from the SR-4 gages of equiangular rosette 
type with an SR-4 strain indicator. The active gage is mounted on the stressed model 
and the compensating gage is mounted on unstressed piece of the same material. The 
active and compensating gages are located close together so that both are subjected to 
the same temperature and the strains undergone by the various gages are obtained 
directly from the strain indicator. 

RESULTS 

The principal stresses and the maximum shear stresses for all the strains meas
ured were calculated and plots for 750-lb load with a loaded area of 1. 8 sq in. for the 



27 

" 
.. .. 

Gd 
0 '>.ro 0 0 

Maximum Principal 

Minimum 
" Principal 

. " "a 6 6 6 
0 

~ 0 '1'o 00 
~ 

" 'b " --s. .. 
3 .~ C, 3 Oo 3 1'a 

\" ""10 ~ 0 Oo 0 
0 •tsoo 

.. 
6" ..,. 3'' 9" 3 " 6 9" 3 

Figure 8. Test l: stress contours (psi) on top aluminum plate with free edges. 

•r--- . 
0 

.. 
6 

Minimum 
Principal 

" 6 

. 
3 

9" +3Z700 

Maximum Principal 

9 

. 
6 

. 
3 

0 

Maximum 
Shear ~ 
~ 

Figure 9. Test l: stress contours (psi) on bottom steel plate with free edges . 

" Maximum 
. Maximum 

0 0 9 

@ Minimum Principa I Shear 
-zoo--- Principal 0\ .. .. 

6 6 "Soo 6 
-500 

• -750 •10 . 
3 -100 3 0 3 

1-/ 'O ;so .,.lo a oo 

3'' 6 
.. 

9" 3" 6 o" 3" 6'' o" 
Figure lO. Test l: stress contours (psi) on top aluminum plate with restrained edges. 



28 

" " 9 9 9 Maximum 
o..........._ 

Maxi mum Principal Shear 

" " 6 6 

.. 
'looo 3 

+15070 6" +Z:5900 3" 6" o" 

Figure ll, Test l: stress contours (psi) on bottom steel plate with restrained edges. 

" 9 

.. 
3 

Minimum Principal 

IC 

Maximum 
Prine ipa I 

~ 
0 

9 

" 6 

" 3 

Maximum 
Shear 

Figure l2. Test 2: stress contours (psi) on top steel plate with free edges. 

·.f:> :J"'o 9 9 Maximum [ij Shear 
' ' 'A 

~· ~~ :~'-~~~ Do Maximum 
V ,- f llll., I J.JU I 

Princi pa I 
I 

" " l 3 3 I 
N 
0 
0 

+1230 3• 9" +37!0 6'' 9" 1240 ~;- o" 

Figure l3, Test 2: stress contours (psi) on bottom aluminum plate with free edges. 



. 
9 

. 
G 

" 3 

" 6 

" 
3 

• 
9 

" 
6 

" 3 

29 

. . 
9 9 Maximum 

[ta ·~ Shear 
Minimum Principal 

., ., 
6 6 ~ •• ~ 12 15 

'.ta Maximum 

'.£ 0~ 
. Principal . 

Oo 3 3 
'.t {f). Oa 
l' 0 

3• 6. 9" 6" 9• 3" 6'' 9'' 

Figure 14. Test 2: stress contours (psi) on top steel plate with restrained edges . 

., . 
9 9 

Utl 
Maximum Principal 

0 
Minimum 

" Principal 6 6 

# 

3 

Figure 15. Test 2 : stress contours (psi) on bottom aluminum plate with restrained 
edges • 

0 . 
9 9 

~ 
0 

0 Maxi mum 
Maxi mum Shear 

Minimum • Principal 
" Principal 6 6 5 

"''<'oo~ 
\ ~ q,. 

# " 3 3 

"<'~ 

3'' 6'' 9" 3"' 9" 3• 6" 9" 

Figure 16. Test 3: stress contours (psi) on top steel plate with free edges. 



30 

.. 
9 9 0 9 w Maximum 

Minimum Principe I Shear 
'' 

6 6 

" 
3 3 

0 

9" 590 9" 

Figure 17, Test 3: stress contours (psi) on bottom aluminum plate with free edges • 

9 Maximum Princi po I 
.. 
9 

Gro Minimum Principal Maximum 
._.<o Shear 

.. 0~ . 
6 :t.so 6 

0 

' 
"~ • 3 3 

9" 

Figure 18, Test 3: stress contours (ps i) on top steel plate with restrained edges. 

-~. •j 9 ,..o 

I 4 ,I Mox!mum 
Maximum Principe I LID " 6 

" 3 

Principal .. " Shear 
6 6 

" 3 0 s· 
\ ~ 

3'' 9'' 3'' 6" 9' 520 3" 6" 

Figure 19. Test 3: stress contours (psi) on bottom aluminum plate with restrained 
edges. 

9" 



31 

maximum principal stress, minimum principal stress, and maximum shear stress for 
tests 1 to 8 are shown in Figures 8 to 39 for the condition of loading as detailed in the 
respective figures. Cross-hatching was used to show the restrained edge condition. 
The location of the gages mounted in each test is indicated in the small square on 
the right hand side for Figures 8 to 31. 

The stresses measured in the center of the bottom plate can be directly compared 
to establish the fundamental relationships. Theoretically, for a circular loaded area, 
the maximum and minimum principal stresses at this point should be equal and the 
shear stress should be zero. The stress values in Figures 8 to 31 show material dif
ferences in the principal stresses at the center of the bottom plate. This indicates 
that the bending of the bottom plate is not symmetrical. 

If the maximum principal stress at the center of the bottom plate is taken as the 
most significant stress then the general relationship between the applied load and this 
stress can be expressed by 

in which 

Sb == maximum principal stress at center of bottom plate (psi); 
C == a constant; 
P == applied load (lb); 

Eb, Et == moduli of elasticity of top and bottom plate, respectively; 
n = exponential constant. 

(1) 

Fo= -the vertical loading condition, the three variations in roughness of contact sur
face, and the free and restrained edge conditions, the stress relations (computed for 
the 750-lb load) are found to be as follows: 

1. Smooth Contact Surfaces 

,Eb)1.oe 
Free edges Sb == 14. 7 P ~Et 

(
Eb)o.10 

Restrained edges Sb = 15. 6 P Et 
2. Oiled Contact Surfaces 

Free edges 

Restrained edges 

3. Scored Contact Surfaces 

Free edges 

Restrained edges 

Irrespective of the stacking arrangement of the metal plates, Figures 9, 11, 13, 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

15, 17, 19, 21, 23, 25, 27, 29, 31, 34, and 38 show that both the maximum and mini
mum principal stresses at the center of the bottom face of the bottom plate are tension 
for both vertical and inclined loading. Proceeding from the center to the edge, the 
maximum principal stress changes from tension to compression and then back to ten
sion. At 2% in. distance from the center, the maximum stress is tension in most of 
the cases; at 5 in. distance from the center, the maximum principal stress is com
pression. This indicates that the point of contraflexure on the bottom plate lies be
tween 2% and 5 in. from the center. 

Because the gages were not operative when placed directly under the load, no stress 
measurements were made at the center of the top plate. Theoretically, both principal 
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Figure 32. Tests 7 and 8: principal stress contours (psi) on top steel plate with free 
edges. 

stresses in the top plate at the center 
will be compression and observation of 
plate deformations indicated that this was 
the stress condition existing. Figures 8, 
10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 
30, 32 and 36 show that, regardless of 
the nature of contact surfaces and edge 
conditions, the maximum principal stress 
at 2% in. from the center was tension in 
most cases. At a distance of 5 in. from 
the center, the maximum principal stress 
in the top plate was tension in all case~
This indicates that the point of contra
flexure in the top plate was in most cases 
less than 2% in. from the center. The 
point of contraflexure on the top plate is 
thus closer to the center than the point of 

Test 7 Test 8 

Figure 33. Te sts 7 and 8 : maximum shear 
stress contours (psi) on top s t ee l plate 

wi th free e dges. 

contraflexure on the bottom plate. This is in agreement with theory because the radius 
of curvature of the bottom plate will be greater than that of the top plate . 

Figures 8 to 38 show that tensile stresses may occur extensively throughout con
tinuous pavement layers near the surface. This fact is of considerable importance in 
the design of the upper pavement layers because the paving materials normally used 
have very low resistance to tensile stresses. 

The maximum shear stress is found to increase in the metal plates from the edge 
towards the center in all cases. It is possible, however, that shear stresses in ex
cess of those measured may occur between the center and the gage 2'/2 in. from the 
center. Because gages could not be mounted closer together , it was not possible to 
measure the shear stresses in this area . 
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Effect of Edge Restraint 

The restrained edge condition repre
sents the condition existing in continuous 
pavement layers. Examination of Eqs. 3, 
5, and 7 indicates that for the plates used 
and the restrained edge condition, the 
maximum principal stress at the center 
of the bottom plate is given very closely 
by 

(
Eb'\ o,66 

Sb= CP Et) (8) 

for all three types of contact surfaces. 
The exponents for the restrained edge 
condition vary between O. 60 and O. 70 and 
for the normal range of values of modu-
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Test 7 Test 8 

300 

Figure 35. Tests 7 and 8: maximwn shear 
stress contours (psi) on bottom alwninwn 

plate with free edges. 

lus of elasticity ratio, the use of the average value of 0. 66 will not materially affect 
the stress values obtained. The constant, C, is variable with the contact surface. 
The restrained edge condition apparently insures a definite deformation pattern and a 
nearly fixed variation in stresses with changes in stiffness. This assumes that the ef
fect of the center copper plate and the effect of the subgrade is the same for all load
ing conditions. The change in contact surfaces produces a material variation in the 
maximum bottom principal stress since, C, changes from 15. 6 for smooth surfaces 
to 5. 0 for scored surfaces. 

Examination of Eqs. 2, 4, and 6 shows that for the plates used and the free edge 
condition, both variation in stiffness and variation in contact surface have variable ef
fects on the maximum principal stress at the center of the bottom plate. 

The maximum shear stresses at the various gages do not show any consistent vari
ation with edge restraint except that near the edges of the plate, the shear stresses 
are smaller for the restrained edge condition. 

The pattern of principal stresses near the edges of the plate is different for re
strained and free edges as would be expected. Corresponding values are decreased in 
magnitude or change in sign for the restrained edge condition. 

Effect of Variation in Contact Surfaces 

Eqs. 2 through 7 show that the stress conditions in upper pavement layers are ma
terially affected by variation in contact surface condition. The ability of the layer 
system to transmit stress across the contact surfaces between the layers is an impor
tant factor in fixing stress magnitude. Considering the fixed edge condition and a 
given ratio of modulus of elasticity, Eqs. 3, 5, and 7 show that for smooth, oiled, and 
scored surfaces the maximum principal tensile stress on the center of the bottom 
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Figure 36. Tests 7 and 8: principal stress contours (psi) on top steel plate with re-
strained edges. 
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layer will vary in the order 15. 6, 8. 2, 
and 5. 0, respectively. Hence, for con
tinuous pavement layers, the conditions 
existing on the contact surfaces are very 
important in fixing the critical stresses 
in the layers. 

The maximum shear stresses for both 
free and restrained edge conditions with 
smooth contact surfaces are consistently 
higherthanfor eitheroiledor scored con
tact surfaces. For the oiled contact sur
faces and the scored contact surfaces both 
free and restrained edge conditions, there 
are no significant differences in maxi
mum shear stresses except at central 
gages and gages 27'2 in. from the center. 

Test 7 

Figure 37. Tests 7 and 8: maximum shear 
stress contours (psi) on top steel plate 

with restrained edges. 

Oiled contact surfaces showed higher maximum shear stresses at these gages near the 
center for both edge conditions. This indicates that surface contact conditions have an 
important effect on maximum shear stresses, particularly at the locations close to the 
load. 

Effect of Variations in Stiffness 

Figures 8 to 31 show that the plate with the highest modulus of elasticity, which is 
the stiffer plate, has the highest significant stresses regardless of the arrangement of 
the plates. This is true for all contact surfaces and both free and restrained edges. 
Stiffness is therefore of fundamental importance as would be anticipated from theo
retical calculations. For free edge conditions, Eqs. 2, 4, and 6 show that the effect 
of stiffness varies as the contact surface conditions change whereas Eqs. 3, 5, and 7 
show that the effect is nearly independent of the contact surfaces for the restrained 
edge condition. 

Effect of Inclined Loading 

Figures 32 to 39 inclusive show the stress patterns obtained with the inclined load
ing condition. Figures 28 to 31 inclusive show the stress patterns for the same plate 
arrangement for vertical load only. The vertical load in each case is 750 lb. The in
clined loading condition also imposes a horizontal load equal to O. 2 of the vertical load 
or 150 lb. 

When Figures 32 to 39 are compared with Figures 28 to 31, the major effect of the 
inclined loading shows an increase in the maximum principal stresses in areas near 

'IO 
Maximum "' 9"' 9 Minimum 

Test 7 ,, Test 8 Test 7 Test 8 6 

0 0 

I 
0 !, u, 

0 

9"' 9" 6+ 6. 9<-
+5780 

Figure 38. Tests 7 and 8: principal stress contours (psi) on bottom aluminum plate with 
restrained edges, 



39 

• 9 
the load for both the free edge and re
strained edge condition. The increase in 
the principal tensile stress at the center 
of the bottom plate is about 50 percent for Test 7 
the free edge condition and 100 percent 

Test 8 

for the restrained edge condition. 
The maximum principal stresses for 

areas near the load on top of the top plate 
are increased in magnitude (greater ten
sion) whereas the minimum principal 
stresses are decreased in magnitude 
(smaller compression) for the inclined 
load condition and both free and restrained 
edges. On the other hand, for the bottom 
of the bottom plate both maximum and 
minimum principal stresses increase in 
magnitude for the inclined load condition 

Figure 39. Tests 7 and 8: maximum shear 
stress contours (psi) on bottom aluminwn 

plate with restrained edges. 

with both free and restrained edges. The stress patterns for maximum and minimum 
principal stresses are about the same for vertical and inclined loading. 

The maximum shear stresses in the top plate are about the same in magnitude for 
both vertical and inclined loading and for free and restrained edges. The shear stress 
patterns for the top plate and the inclined loading condition bulge in the direction of the 
horizontal component. The maximum shear stresses on the bottom plate are increased 
in the direction of the horizontal component for both free and restrained edges. 

The increased tensile and shear stresses due to inclined loading on actual pavement 
layers are a probable cause of excessive pavement deformation at locations such as 
street intersections, where much braking of vehicles occurs. 

CONCLUSIONS 

The studies indicate the following conclusions: 

1. The general relationship between the applied load and the maximum principal 
stress at the center of the bottom layer in a layered system, with no variation in 
thickness of layers, can be expressed by 

in which 

Eb n 
Sb= CP(E) 

t 

Sb = maximum principal stress at center of bottom plate (psi); 
C = constant, which is a variable with contact surface and other factors; 
P = applied load; 

Eb, Et = moduli of elasticity of bottom and top plate, respectively (psi); 
n = variable exponential constant. 

2. The stress conditions in upper pavement layers are materially affected by vari
ation in contact surface condition. The maximum stresses in the upper layers are 
higher for smooth contact surfaces than for rough contact surfaces for the same load. 

3. In general increased tensile and shear stresses are noticed in the case of in
clined loading when compared to the vertical loading, the total load being the same in 
both the cases. 
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Discussion 

R. G. AHLVIN, Special Assistant, Soils Division, U. S. Army Engineer Waterways 
Experiment Station, Vicksburg, Miss. - Mr. Subbaraju has an interesting approach to 
the study of pavement behavior and one that should shed light on certain of the effects 
of relative stiffness of upper pavement layers and on lateral tractions betvv"ccn these 
layers. 

The author mentions a paucity of information relative to studies of stresses in lay
ered systems. Though this is true, the Corps of Engineers has for quite a number of 
years been conducting research on the action and use of metal mats as expedient pave
ment elements. Certain of the information accumulated during these studies, and par
ticularly some of the theoretical studies conducted in 1955, should be applicable to the 
study reported. Various references are included in the bibliography hereto, but par
ticular reference is made to Waterways Experiment Station Technical Memorandum 
3-418, "Theoretical Landing Mat Studies," October 1955. This report summarizes 
several separate research efforts directed toward gaining knowledge of the action of 
metal landing mats on soil subgrades. The report treats work by Gerald Pickett (7, 
8, 9) on analytical developments involving thin layers on both elastic and Westergaard 
subgrades. In includes results of small-scale model tests of thin steel plates on a 
rubber subgrade (1, 2) which were carried out at the Corps of Engineers' Ohio River 
Division Laboratories. Also, this report presents results of plate load tests on instI"u
mented metal landing mat on a heavy clay subgrade which were conducted at the Corps 
of Engineers' Waterways Experiment Station. 

The analytical developments by Pickett might well be used to provide theoretical 
stresses for comparison with those measured by Mr. Subbaraju. The tests on steel 
plates on a rubber subgrade and on instrumented steel landing mats on a clay subgrade 
provide some directly comparable information. Some of this information is presented 
herein. 

Figures 40 and 41 show strain in the top and bottom of a circular steel plate 0. 018 
in . thick and 12 L11 . in diameter O!'l a rubber s11bgrade 12 in, thick loaderl with 1-tn. 
diameter circular loads, The data shown are to a degree directly comparable with 
those presented in the author's paper in Figures 8 and 9, 12 and 13, 16 and 17, 20 and 
21, 24 and 25, and 28 and 29. The most direct comparisons possible are those with 
respect to the author's major principal stresses in both top and bottom of his stacked 
plates. These compare with the strains shown in Figures 40 and 41. The plots show 
tension in the bottom fiber to be about twice that in the top. The author's paper shows 
ratios between top and bottom fiber stresses other than 2 to 1, but differences are ap
parently due to differential stiffness in top and bottom plates as well as to variations 
in frictional restraints between plates. 

Instrumented landing mats are shown in Figure 42, and some of the results of load 
testing are shown in Figures 43 and 44. Again, patterns here are in reasonable agree
ment with those developed by the author in regard to his major principal stresses. In 
this case, as in the author's case, bending is not symmetrical with respect to the 
mats or plates being loaded. The landing mat is geometrically irregular, whereas 
the author's stacked plates are, collectively, nonhomogeneous. 
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It is not meant to infer in this discussion that there is a need to modify the author's 
analysis, but it is hoped that the author will find the data and references of value in 
his research. 
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