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The average effectiveness factors for OAF, Cali­
fornia, and Utah are close to the expected 1.0, and 
the range of variation for OAF is not unreasonable. 
The Louisiana and Mississippi methods both result in 
substantially higher effectiveness factors and have 
more variability than the other methods. It should 
also be noted that the Louisiana, Mississippi, and 
Utah methods result in negative factors; i.e., the 
predicted overlay based on after-overlay measure­
ments is greater than that based on before-overlay 
measurements. 

Although the evidence is circumstantial, the 
results of the above analysis indicate that the 
proposed method is succes.sful in evaluating the in 
situ layer properties and in determining the re­
quired overlay thicknesses. 
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Analysis of Stresses in Unbonded Concrete Overlay 

BHAGIRATH LALL AND G. LEES 

The results of a laboratory investigation in which static load tests were con­
ducted on unbonded concrete overlays are presented. The investigation in­
cluded study of the critical stresses and deflections that occur when an un­
bonded overlay of a concrete slab on subgrade is loaded at corner, edge, and 
interior positions and static loads are applied through varying contact areas. 
The distribution of stresses in the two slabs (overlay and underlying); whose 
ratio of thickness was varied, was investigated. The investigation was con­
ducted on model-scale slabs. The construction material used for the model 
slabs was a microconcrete with high flexural strength. Concrete overlays are 
seen as an important means of strengthening existing concrete pavements. The 
use of multiple-layered systems for the new construction of thick slabs is re­
garded as an innovation in pavement design. The limitation of existing methods 
for the design of concrete overlays established the need for the investigation. 
Load-stress characteristics of the overlay systems are presented, and the effect 
of the warping of the slabs on these characteristics is analyzed to provide an 
understanding of the behavior of the pavement. The analysis presented is a 
forerunner to the establishment of a new method of design . 

A laboratory investigation was conducted to study 
the stresses in an unbonded overlay of concrete 
pavement. The model slabs, whose dimensions were 
3x9 ft (0.92x2.75 m), were constructed of microcon­
crete on sand subgrade. The stress measurements 
were made in both the underlying slab and the over­
lay in the three critic al locations--corner, edge, 
and interior--when static loads were applied in 
these locations through circular contact areas. The 
scale of the model slabs was caref.ully selected not 
only to ensure simple geometric similarity but also 
to simulate as closely as possible the theoretical 
assumptions that can be applied to the analysis of 
the prototype. The assumptions and the resultant 
theory developed by Westergaard (1,2) were used to 
exercise dimensional control over th; model in rela­
tion to the prototype. The horizontal dimensions of 
the model slabs were selected to ensure infinite be­
havior in both directions for the interior loading 
conditions. 

The investigation focused mainly on the unbonded 
overlay providing frictionless interface to simulate 
the theoretical assumptions. To keep the friction 
at the interface of the underlying slab and the 
overlay as low as possible, an MGA pad was intro-

duced between the two slabs to act as a slip layer. 
The MGA pad consists of a Melinex Polyester film 
(gage 100), Molyslip grease (containing 3 percent 
molybdenum disulphide), and a hardened aluminum 
sheet 0.003 in. (0.075 mm) thick. MGA pads were 
used by Hughes and Bahramian (_l) to reduce end re­
straint in cube tests for the determination of uni­
axial compressive strength of concrete and were re­
ported to be effective. 

The strain gages were fixed to the upper surface 
of the pavement slabs. Strain gages were so located 
for all three loading positions to determine maximum 
principal stresses. In addition, deflection mea­
surements were made along several lines to establish 
the pattern of bending of the slabs. Unless other­
wise specified, all references in this paper to 
stresses and deflections refer to maximum values for 
the location of loading under discussion. A hypoth­
esis on the behavior of the overlay-pavement-earth 
system is presented in this paper, along with a de­
scription of the state of stress of an A/B overlay 
system, which consists of an overlay slab A on an 
existing slab B resting on subgrade, where A and B 
have equal or unequal thicknesses. In the following 
discussion, 1/1 and 1/1. 33 overlay systems refer to 
(a) a 1-in. (25-mm) thick overlay on a 1-in.-thick 
slab and (b) a 1-in. -thick overlay on a 1. 33-in. 
(34-mm) thick slab on subgrade. 

CORNER LOADING OF A/B OVERLAY SYSTEM 

In analyzing a single slab on subgrade, Westergaard 
!ll accounted for the degree of subgrade support in 
presenting the load-deflection and load-stress rela­
tions. That analysis provides corrections to be ap­
plied to values computed by using the equat-ions of 
the original analysis (~). It is necessary to 
determine certain quantities experimentally in order 
to compute these corrections. 

Teller and Sutherland (4) reported that for 
various reasons it was not po~sible to make a satis-
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factory determination of these quantities from their 
investigation. They reported stresses in the pave­
ment under conditions of upward warping, no warping, 
and downward warping. Even then, they stated that 
it was possible that, even when the corners were 
warped downward, full contact with the subgrade was 
not established. 

During Lall' s. investigation (_~) of a single slab 
on subgrade before the overlay was constructed, 
similar observations were madei thus, it was estab­
lished that the contact surface between the slab and 
the subgrade remains unpredictable due to the warp­
ing of the slab. The stresses in the pavement slab 

In the case of an unbonded overlay, another un­
predictable factor is introduced in the contact sur­
face between the slabs (apart from the contact sur­
face with the subgrade). This obviously makes the 
analysis of an overlay system extremely complex. In 
Lhi::;: f'dp~L' 1 an attempt is macle co analyze this sys­
tem by assuming that the slabs remain continuously 
in contac t with each other and the subgrade, forming 
frictionless surfaces. Although these conditions 
are not likely to exist in practice, beginning with 
these assumptions helps to reduce the complexity of 
the problem. Modifications can then be introduced 
as the analysis progresses to make it realistic. 

The ensuing analysis is based on the following 
assumptions: 

1. When unloaded, the slabs are in contact with 
each other and the subgrade. 

2. The surfaces at point of contact between the 
slabs and between the slab and the subgrade are 
frictionless. 

3. Each slab behaves independently in the system 
when loaded and carries a stress proportional to its 
section modulus. 

4. The middle plane of the slab forms the neu­
tral plane so that the tensile stress at the top is 
equal to the compressive stress at the bottom of the 
slab. 

5. Maximum stress occurs along a line at right 
angles to the bisector of the corner angle. 

6. Subgrade support develops from zero to full 
support gradually. 

Figure 1. Corner loading: expected load-stress relation of A/B overlay system 
where A= B. 
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7. If there were no subgrade support, the corner 
would act as a cantilever of uniform strength with 
the load concentrated at the apex. 

8. If A and B were bonded, the system would act 
like a monolithic slab of thickness (A + B) with its 
middle plane as a neutral plane. 

Based on these assumptions, a logical sequence of 
load-stress relations is shown in Figure 1 for the 
corner loading of single slabs and overlay systems 
when slabs A and B have equal thickness. In Figure 
1, 

.L• Cast:: (ij ~L~St::!ul~ d lVdc.l-~i.:..Le::;::; .i.t!lClC.i.on [01. 

slabs A and B in which each is loaded independently 
and receives no subgrade support. 

2. Case (ii) presents a load-stress relation for 
slabs A and B in which each is loaded independently 
and rests on a subgrade that provides gradually in­
creasing support. 

3. Case (iii) presents a load-stress relation 
for s l abs A and B in which they are bonded so as to 
make the system act like a monolithic slab of thick­
ness (A + B) that receives no subgrade support. 

4. Case (iv) presents a load-stress relation for 
slabs A and B in which the system acts as a mono­
lithic slab resting on a subgrade that provides 
gradually increasing support. 

5. Case (v) presents a load-stress relation for 
slabs A and B in which A forms an overlay of B on a 
frictionless contact and the system receives no sub­
grade support. 

6. Case (vi) presents a load-stress relation for 
A and B in which A forms an overlay of B on a fric­
tionless surface and B in turn rests on a subgrade 
that provides gradually increasing support. 

Figure 2 shows a similar sequ~nce of load-stress 
~elations for the corner loading of single slabs and 
A/B overlay systems when slabs A and B have unequal 
thickness. 

During the investigation, unpredictable variation 
in the warping of the slabs was observed. To take 
into account the effect of the warping of the slabs 
on the load stresses, the following special var ia­
t ions of case vi in Figures 1 and 2 were considered, 

Figure 2. Corner loading: expected load-stress relation of A/B overlay system 
where A < B. 
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Figure 3. Corner loading: expected load-stress relation of A/B overlay system 
A= B and one or both slabs are warped. 
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in which one or both slabs may have warped up or 
down to a varying degree. Cases a to g in Figure 3 
represent the possible variations likely to occur 
due to warping of the slabs. The expected load­
stress relations, which are dependent on the type 
and extent of warping, are presented alongside. The 
same logic and assumptions were used in arriving at 
these load-stress relations as were used for the 
cases presented in Figures 1 and 2, 

In connection with the load-stress relations 
shown in Figure 3, the following significance re­
lates to the slopes of the lines. There are three 
states of warping in which a layer of pavement slab 
may be: warped up, unwarped, or warped down. De­
pending on the state of warping of the slab, the 
early slope of the load-stress relation indicates 
(a) free bending, (b) support from the underlying 
layer increasing from zero to full, or (c) full sup­
port. The successive slopes follow in the same 
order. The final slope indicates the plastic region, 
where the unrecoverable strain increase is appreci­
able. The load-stress relation is generally curved 
and not linear except when the support underneath is 
missing. However, the various stages in the load­
stress relations have been presented as linear for 
the sake of simplicity. 

CORNER LOADING STRESSES 

St r ess i n 1/1 Overlay s ystem 

Load-stress relations for the 1/1 overlay are shown 
in Figure 4. At any value of the applied load, the 
overlay appears to experience a greater strain than 
the underlying slab. A load-stress relation for the 
1-in. slab on subgrade without an overlay is also 
shown in Figure 4. It appears that, within the 
range of applied loads, the 1-in. slab experiences a 
similar maximum stress whether it is placed on a 
subgrade or whether it forms an overlay of another 
1-in. slab. 

Line 1 in the graphs shown in Figure 4 represents 
the load-stress relation for a 1-in. slab that is 
not receiving any support at the corner and thus be­
haves like a cantilever of uniform strength. Line 2 
represents the load-stress relation for a 1-in. slab 
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Figure 4. Corner loading: stress in 1 /1 overlay system. 
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receiving full subgrade support, based on Wester­
gaard' s formula. The following equations were used 
to calculate the relations for lines 1 and 2 in Fig­
ure 4: 

where 

oc maximum stress at the corner location of 
the pavement slab, 

P load at the corner location, 
h uniform thickness of the pavement slab, 

a1 al2, where a is the radius of contact 
area for the load, and 

t radius of relative stiffness. 

(!) 

(2) 

Line 3 in Figure 4 represents the load-stress re­
lation for a 2-in. (50-rnm) slab on subgrade based on 
equation 2. The observed load-stress relation for 
the overlay closely follows line 1 in the early re­
gion, which indicates the missing support from the 
underlying layer. However, as soon as it comes in 
contact with the layer underneath, the overlay be­
gins to receive gradually increasing support. In 
Figure 4, the first part of the load-stress relation 
for the overlay is shown to be made up of slopes of 
lines 1 and 2. It indicates a transition from the 
free corner to the corner receiving full subgrade 
support. Beyond this stage, the rate of stress in­
crease in the overlay continues to decrease with the 
increase in the applied load, as would be expected. 

A comparison of the load-stress relation of this 
system with the generalized load-stress relation of 
an A/B overlay system shown in Figure 3 indicates 
that it could conform to case b, c, or f in Figure 
3. In all three of these cases, the overlay slab is 
likely to reach the state of critical stressi there­
fore, the design of the system should be based on 
the history of stress through which the overlay slab 
passes. Toward the upper limit of the loads to 
which the system was subjected, the rate of stress 
increase in the overlay and the underlying slab ap­
pears to be equal. 
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Figure 5. Corner loading: stress in 1 /1.33 overlay system. 
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Figure 6. Corner loading: load deflection relations for 1 /1.33 overlay system. 
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In the explanation of the behavior of this sys­
tem, it has been assumed that the overlay was warped 
up and the underlying slab was either unwarped or 
warped only slightly. No visible gap was observed 
between the overlay and the underlying slab. Be­
cause the deflection measurements were made only on 
the upper surface of the slabs, it was not possible 
to define the extent of warping from the difference 
in maximum deflection of the two layers. However, 
because of the possibility of separation of the two 
layers, it was decided that in further work with the 
1/1.33 overlay system maximum deflection measure­
ments should be made separately for the overlay and 
the underlying slab. 

Figure 5 shows load-stress relations for the 
1/1.33 overlay system. In contrast to the 1/1 over­
lay system, in this system the underlying slab ex-
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periences more stress than the overlay at a speci­
fied load. In addition, whereas in the 1/1 overlay 
system the maximum stresses in the two layers tend 
to come closer as the radius of the contact plate 
increases, in the 1/1.33 overlay system the stresses 
in the two layers tend to diverge. 

For an explanation of the behavior of this sys­
tem, refer to the cases of the generalized A/B over­
lay system discussed earlier in this paper. Due to 
the experience with the testing of the 1/1 system, 
it appears that the 1/1. 33 overlay system is some­
what better understood. In testing the 1/1. 33 sys­
tem, dial gages were suitably placed at the corner 
.......... - ............... -..::i ............ .... ....... : .......... ..:1 .... ~1 ........... :-- -~ .&..'L...... ........... , -··---
... ..., &. ........ ...,.._...... '-&&"'"' UlQn..4111U.lll .._.o;;.L....L""'V'-4VU V.&. \,,..I,~,.;: '-"..... ..LU.:J ,.;;.&.-.. 

of the system separately. An observation was also 
made during testing of the maximum deflection exper­
ienced by the overlay before the underlying slab 
started to register any downward movement. 

Load-deflection relations for the 1/1. 33 overlay 
~y~i.:~rn cu.~ 

deflection 
started to 

~liuwn .in Fiyut:e O. 
observations that 
register deflection 

IC. appeaceU £1.um i::.lu~ 

the underlying slab 
when the overlay re-

corded, on the average, a downward movement of 0.001 
in. (0.025 mm). This gap was considered unlikely to 
have a significant effect on the stress. Again 
strain was registered in the two layers at the same 
time. For the smaller two of the four contact areas 
used, the stress in the two layers was nearly the 
same at small loads. From this it can be inferred 
that the underlying slab was equally well supported 
by the subgrade from the start. In light of the 
discussion of the special cases shown in Figure 3, 
the observed behavior of the 1/1.33 overlay system 
limits us to the consideration of four of those 
cases: a, d, e, and f. On further examination, the 
number of cases can be reduced as follows. 

In addition to the l oad-st ress r elation o f the 
1/1.33 overlay system, Figure 5 shows observed load­
stress rel ations of the 1-in. slab on subgrade and 
the 1.33-in. slab on subgrade. It also shows load­
stress relations for the 1-in. slab on subgrade as 
lines i and 2 based on Equations 1 and 2, assuming 
free corner and a fully supported corner. Relations 
l' and 2' shown in Figure 5 are the corresponding 
expressions for the 1. 33-in. slab based on the same 
equations. If one compares the observed load-stress 
relation of the 1/1.33 overlay system with relations 
1 and 2 and l' and 2', it appears that (a) the 1-in. 
slab in the system receives full or more than full 
support and (b) the 1. 33-in. slab in the system re­
ceives full or less than full subgrade support to 
start with. 

It seems fair to assume then that the 1-in. slab 
was wdrpeu uown w!Jereds Lhe 1. 33-in. slab was rela­
tively unwarped. This corresponds to case d in Fig­
ure 3. When the expected load-stress relation for 
the system is modified so that the two layers ex­
perience stresses proportional to their section 
moduli, the trend remains essentially the same as 
shown in Figure 3. The observed load-stress rela­
tions of the 1/1. 33 overlay system show a similar 
trend. 

Effect of Bea ring Aiea 

The effect of the bearing area on the stresses in 
the two layers of the overlay systems is shown in 
Figure 7. In both the 1/1 and 1/1. 33 overlay sys­
tems, for the range of contact areas used, the 
stress reduction appears to be greater in the over­
lay than in the underlying slab. This can be at­
tributed to the load-spreading effect of the thick­
ness of the overlay, which increases the bearing 
area for the underlying slab. 

Figure 8 shows the increase in the bearing area 
for the underlying slab for a load position at the 
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Figure 1. Corner loading: effect of bearing area on maximum stress in overlay 
systems. 
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Figure 8. Effective bearing area for underlying slab of an overlay system. 
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interior and a corner of the slab, assuming that the 
load spread occurs at an angle of 45°. Apparently, 
a large change in the bearing area for the overlay 
slab results in a small change in the bearing area 
for the underlying slab, which may be directly re­
flected in the stresses. 

EDGE LOADING 

Stress in 1/1 Overlay System 

Figure 9 shows load-stress relations for the 1/1 
overlay system under edge loading. In light of the 
discussion of corner loading for this system, the 
following observations can be made about its be­
havior under edge loading: 

1. In view of the upward warping noticed and ac­
counted for at the cor·ner, it seems reasonable to 
assume that the edges of the system were also warped 
up. 

2. Maximum stress under a specified load at the 
edge of the 1-in. slab is nearly the same whether it 
rests on the subgrade or forms an overlay of another 
1-in. slab. 

Figure 9. Edge loading: stress in 1 /1.33 overlay system. 
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3. Maximum stress in the 1-in. overlay slab ap­
pears to be more than the stress given by the 
Westergaard f ormula. This may be due to upwar d 
warping at the edge. 

4. Maximum stress in the overlay slab decreases 
with the increase in the radius of the bearing area. 
In comparison, the stress reduction in the underly­
ing slab with the increase in bearing area is quite 
small at any specific load. This may be attributed 
to the load-spreading effect of the thickness of the 
overlay. 

Stress in 1/1 . 33 Overlay system 

Figure 10 shows load-stress relations for the two 
layers of the 1/1. 33 overlay system. The following 
observations can be made about this relation: 

1. In the discussion of the corner loading of 
this system, it was hypothesized that both slabs 
were warped down. It is reasonable to assume, 
therefore, that the edges were also warped down. 

2. Maximum stress in the 1-in. overlay slab was 
observed to be less than the maximum stress observed 
in the 1-in. slab on subgrade. The stress given by 
the Westergaard formula was also greater than the 
stress experienced by the overlay slab. This may be 
due to an increase in support resulting from the 
downward warping of the slab, 

3. Stresses in both layers of the system de­
crease with the increase in the radius of the con­
tact plate. However, over the range of contact 
areas used, the stress reduction in the underlying 
slab is smaller than that in the overlay. The an­
swer may again lie in the load-spreading effect of 
the thickn.ess of the overlay: the change in the ef­
fective bearing area for the underlying slab is thus 
not as great as that for the overlay slab. 

INTERIOR LOADING 

Stress in 1/1 Overlay System 

Figure 11 shows load-stress relations for a 1/1 
overlay system with interior loading . The load­
stress relations for the interior loading of the 1-
in. slab when it rested on subgrade are also intro-
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duced in the figure. It appears that stresses in 
the 1-in. slab are the same whether it is placed 
directly on the subgrade or whether it forms an 
overlay of a 1-in. slab. It also appears from Fig­
ure 11 that, when the 1-in. slab forms an overlay of 
another 1-in. slab, the maximum stress in the over­
lay decreases as the area of contact increases but 
the maximum stress in the underlying slab remains 
practically constant with the increase in the bear­
ing area. This is more clearly illustrated in sec­
tion A of Figure 12. It could be argued that the 
load-spreading characteristics of the overlay make 

Figure 10. Edge loading: stress in 1/1.33 overlay system. 
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Figure 11. Interior loading: stress in 1/1 overlay system. 
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the effect of the contact area on the underlying 
slab negligible. 

Stress in 1/1.33 Overlay System 

Load-stress relations for the interior loading of a 
1/1. 33 overlay system are shown in Figure 13. The 
maximum stress in the overlay again appears to de­
crease with the increase in the contact area whereas 
the stress in the underlying slab remains practical­
ly constant. The effect of the size of the bearing 
area on the maximum stress in the system is shown in 
section B of Figure 12. From a comparison of maxi-
!n':.!!?? ~trc::::: i~ th;; 1-- in. slab wht:r. iL i.:~:::si::::s on sub-
grade and when it forms an overlay of the 1. 33-in. 
slab, as shown in Figure 13, it appears that stress 
in the overlay system is greater. This is coupled 
with the observation that t he underlying slab does 
not experience any stress until the load on the sys­
L<:ii1 i:s appcoximately 200 lb ("11 l<g). This leads to 
consideration of the possibility of the existence of 
a gap between th<: two slabs, which may have been the 
result of an upward warping of the overlay slab at 

Figure 12. Interior loading: effect of bearing area on maximum stress in 
overlay systems. 
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the interior. This would agree with the observation 
made in the discussion of corner loading for the 
system--i.e., that there was reason to believe that 
the corners of the overlay slab were warped down. 

It has been emphasized in this paper that not 
enough is yet known about the relation between the 
initial state of the pavement system (condition of 
warping) and the stress or deflection due to loads 
to be able to predict accurately the magnitudes of 
either. It is hoped that subsequent work will show 
that the pavement earth system behaves linearly at a 
certain stage defined arbitrarily as offering a 
degree of consistent support. The stress in the 
system when this stage is reached is important in 
predicting system performance. 

SUMMARY AND CONCLUSIONS 

The load-stress relation for a pavement slab is not 
a straight line. In order to understand the be­
havior of the slab, it is necessary to consider the 
history of warping through which it passes. A slab 
may be warped up, unwarped, or warped down. Depend­
ing on the state of warping of the slab, the early 
slope of the load-stress relation indicates (a) free 
bending, (b) support from the underlying layer in­
creasing from zero to full, or (c) full support. 
The successive slopes follow in the same order. 

In the context of the overlay systems, the upper 
layer is affected by warping whereas the underly ing 
slab remains ·· relatively unaffected. The stress in 
the system is dependent on the type and extent of 
warping of the two layers in the system. 

Stresses in both layers of the system decrease 
with the increase in the radius of the contact 

31 

plate. However , over the r ange of contact areas 
used, the stress reduction in the under lying slab is 
smaller than the stress reduction in the overlay. 
This is attributed to the load-spreading effect of 
the thi.ckness of the overlay. 
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Management System for Pavement Maintenance and 
Rehabilitation Based on Analytic Methods of 

Pavement Evaluation 
PER ULLIDTZ 

A managomlint system for pavement maintenance and rehabilitation developed 
in Denmark is described. The system uses nondestructive testing with a falllng 
weight deflectomoter and elastic layor theory to evaluate the structural condi­
tion of exls1ing pavements. The functional condition is evaluallld In terms of 
root mean square values of vertical acceleration, which can be directly related 
to road user costs. For e given budget, the optimum maintenance strategy Is 
determined by using integer programming. The outputs from the syuem are 
(el an inventory of the structural and functional condition of the existing road 
network, (bl lists of maintenance and rehabilitation measures to be carried out 
to ensure the maximum reduction in user costs in view of annual budget con­
straints over a 3- to 5-year period, (cl prediction of the changes to the future 
functional and structural condition of the road network caused by alterations 
in the available yearly budget, and (di the future budget needed to minimize 
the combined com to the highway agency and road users. 

The short-term goal of a pavement maintenance and 
rehabilitation management system is to assist the 
highway agency in answering the question, Which 
maintenance and rehabilitation (M&R) measures should 
be carried out, given a certain budget? The more 
long-term goal is to aid in answering the question, 
What will be the future standard of the road net-

work, depending on the available budget? For soci­
ety as a whole, the most important question is, 
Which maintenance strategy will minimize the com­
bined costs to the highway agency and the road users? 

This paper describes a pavement maintenance and 
rehabilitation management system developed in Den­
mark, the OMS, which is capable of providing answers 
to the above questions on both project and network 
levels. The system is based on analytic methods of 
pavement evaluation and design as stipulated in Sec­
tions 7. 40. 01 and 7. 30. 01 of the Danish Standards 
for Pavement Construction and Maintenance by the 
Danish Ministry of Transport <.!>· 

The procedure consists of four steps: 

1. Inventory--The functional and structural con­
dition of the existing pavements is evaluated by 
using objective methods wherever possiblei 

2. Benefit/cost analysis--The functional and 
structural effects of each possible maintenance or 
rehabilitation alternative are determined and the 




