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6. Three layer — Single wheel

Given the three-layer system shown in Figure 230 with @ = 4.8 in. (122 mm), ¢ = 120 psi (828
kPa),h; = 6in. (152mm),h, = 6 in. (203 mm), E; = 400,000 psi (28 GPa), E; = 20,000 psi
(138 MPa), and E; = 10,000 psi (69 MPa), determine all the stresses and strains at the two
interfaces on the axis of symmetry.
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Example 2.11 (1 in. = 25.4 mm, 1 psi = 6.9 kPa).

The last lecture was on a two-layered system. Now, we will focus on a three-layered
system. So, what we will do is, we will take a three-layered system and solve it in
KENPAVE and find out what are the critical stresses and strains at critical locations and at
least two different critical locations, one, is at the bottom of the asphalt layer and second
one is at the top of the subgrade layer.

So, we will directly move to the numerical. So, you have a three-layered structure
something like this. This is subjected to a single wheel load with a contact radius of 122
mm and a contact pressure of 828 kPa. The surface layer has a thickness of 152 mm and
base layer has a thickness of again 6 inch which is 152 mm. And the bottom layer is of an
infinite thickness. The modulus of each layer is as given here. First layer modulus is 2.8
GPa, second layer modulus is 138 MPa and third layer modulus is 69 MPa. Let us find
stresses and strain at two critical locations. One is at the bottom of the asphalt layer and



second one is at the top of the subgrade layer. We will find out all the components of
stresses and strain and we will see how these values vary.

So, these are the inputs we need to give in the KENLAYER for solving this numerical.
In the general information, you have type of material to be linear, no damage analysis,
number of periods is 1, load group is 1 which is single axle single wheel. Let us keep the
numerical integration tolerance to this as the default value. Here, the number of layers is
3 and number of z coordinates when we are looking for the analysis is 2, one is at the
bottom of top layer and second is at the top of the subgrade layer. So, other values we will
just keep it as the previous numerical and we will use an SI system here.

S0, once you complete your general input, these are the layer thickness and Poisson’s
ratio properties. Top layer is 6-inch thickness which is 15.2 cm, second layer is also 6-
inch thickness 15.2 mm, bottom layer is infinite thickness. So, let us use a Poisson's ratio
0.35 for the surface layer and base layer. If you want you can modify it and check how the
values varies. The subgrade Poisson's ratio, | will keep it as 0.5.

We have given two z coordinates. The first z coordinate is going to be 15.2 cm and the
second z coordinate is going to be the bottom of the second layer which is going to be 15.2
plus 15.2 that is 30.4 cm. So, with this z coordinates, we will find out stresses and strain
at two points.

Now, these are the modulus value for three different layers. You can see that the top layer
has a maximum modulus and the subgrade has a minimum modulus.

So, once you complete the modulus input, this is the load information which you have to
give, 0 for single axle single wheel, contact radius is 12.2 cm, contact pressure is 828 kPa.
Since it is a single axle single wheel, YW and XW values are 0. Let us keep only one
radial distance here which is at the center of loading. So, you have RC is 0 at this point.
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Now, once you give all this input and compile it, this is the result you will get. So, we
have given only one radial distance which is exactly at the center of loading and two
vertical coordinates which is 15.2 cm and 30.4 cm. So, the first line corresponds to the
bottom of an asphalt layer. The second line corresponds to the top of a subgrade layer.
These are the critical stresses and strain at two different depths. Now, the vertical stress
and strain at the top of a subgrade layer that is at the depth of 30.4 cm from the surface that
is 51.065 kPa and 5.466E-4. This is going to govern the rutting in subgrade layer. And,
tensile strain maximum which is -3.142E-4 are the corresponding stress are going to
influence the fatigue damage in the asphalt layer. So, these are the critical stresses and
strains we will be using further in the design.
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6. Three layer — Single wheel

|PERIOD NO. 1 LOAD GROUP NO. 1 Fd’iu
RADIAL VERTICAL VERTICAL VERTICAL RADIAL TANGENTIAL SHEAR
COORDINATE COORDINATE DISPLACEMENT STRESS v STRESS« STRESSY STRESSY
(STRAIN) (STRAIN) (STRAIN) (STRAIN)
111.945 1 84 | -1293.184 0.000
4 -3.142E-04 .000E+00
4.818 -34.818 0.000

2.935E-04 -2.935E-04 .000E+00

E, = 400,000 psi

E; = 20000 psi.

E; = 10000 psi

FIGURE 230
Example 211 (1in. = 254 mm, | psi = 6.9kPa)

Now, we will see how the thickness of a base course influences tensile strain at the bottom
of the asphalt layer. So, for this purpose what we will do is, we will use a base course
thickness of 8 inch. In previous case, we used 6 inch now, we will use 8 inch and determine
tensile strain at the bottom of the asphalt layer and we will check how the thickness of the
base course influences the tensile strain value.

(Refer Slide Time: 06:23)

7. Three layer — Influence of base
thickness on the tensile strain
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FIGURE 2.32
Example 2.12 (1in = 255mm, E, = 10,000 psi
1 psi = 6.9 kPa). '

So, we have to solve one more KENLAYER analysis here with the base layer thickness
of 8 inch. So, these are the input for that purpose. General information will remain same
as our previous information. Modulus value same as our previous information. Load value



is also same as our previous numerical here. The only variation is with the layer thickness.
First layer is of 6-inch thickness, 15.2 cm, second layer is of 8-inch thickness which is 20.4
cm. The Poisson's ratio value is same as our previous numerical. Since thickness is
varying, the interface distance from the surface will also vary that is, the z coordinates. So,
first is at the interface of first layer and second layer which is 15.2 cm. Second is at the
interface of second and third layer. So, it is 15.2+20.4 which is 35.6 cm.
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Now, we will give this as an input and compile the KENLAYER program and this is the
result which you will get for 35.6 cm z-coordinate. So, we are interested in finding what
is the tensile strain at the bottom of asphalt layer and when you compare the values with
that of the previous numerical, the values are nearly the same. So, it says that increasing
the thickness of the base layer do not much vary the tensile strain at the bottom of the
asphalt layer. You can see the difference in the vertical strain and stress here at the top of
a subgrade layer. So, in this case the vertical strain at the top of a subgrade layer is 5.466E-

4. In the second case, it has reduced to a considerable
thickness of the base course, you can reduce the vertical
the subgrade layer.
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extent. So, if you increase the
compressive strain at the top of



7. Three layer — Influence of base

B
thickness
PERIOD NO. 1 LOAD GROUP NO. 1
RADIAL VERTICAL VERTICAL RADIAL TANGENTIAL  SHEAR
COORDINATE COORDINATE DISPLACEMENT STRESS  STRESS STRESS
(s (STRAIN) (STRAIN)  (STRAIN)
11 -1293.184 -1293.184 0.000
3.6 E3.122E-04] -3.142E-04 .000E+00
5 -34.818  -34.818 0.000
2 J -2.935E-04 -2.935E-04 .000E+00
[PERIOD No. 1  LOAD GROUP NO. 1
RADIAL VERTICAL VERTICAL VERTICAL  RADIAL TANGENTIAL  SHEAR
COORDINATE COORDINATE DISPLACEMENT STRESS STRESS  STRESS STRESS
(STRAIN)  (STRAIN) (STRAIN)  (STRAIN)
0.00000  15.20000 0.05374  116.748 -1260.757 -1260.757 0.000
(STRAIN) 3.569E-04 [F3.073E-04] -3.073E-04 .BOOE+00
0.00000  35.60000 0.04176 43.346 —=30. -30.777 0.000
(STRAIN) == TOTETE 2. 549804 ~2.549E-04  .000E+00

We have solved two-layered system and three-layered system using a KENLAYER
software and understood how the thickness of different layers, modulus of different layers
or different axle configuration influences stresses and strain at critical locations. We also
know now that there are at least two critical locations in a bituminous layer. One is at the
top of the subgrade layer where the vertical compressive strain induces rutting in the
subgrade layer. The second one is at the bottom of the HMA layer where the tensile strain
at the bottom of the HMA layer induces fatigue damage. So, these are the two critical
locations for rutting and fatigue damage. We also understood that axle type or axle
configurations, thickness of surface layer and base layer and modulus of three different
layers influences these critical strains. Now, we will see how these critical stresses and
strain vary when you vary these parameters.
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&=z h, = 16 in. Single

£ (107%)
g (107%)

&==a h, =16 in. Dual

E, = 5 X 10° psi, h, varies h,
E, = 20,000 psi

h, = 4or16in. h;
E, = 7500 psi

First, we will see the effect of surface layer thickness variations on the critical tensile
strain and compressive strain. So, critical tensile strain at the bottom of this HMA layer is
considered as ¢;. Critical compressive strain at the top of subgrade layer is considered as
£.. S0, We are going to see how these two stresses vary for different axle loads that is with
a single wheel or with a dual wheel and we will also see for two different thickness of base
course. One is with a 4-inch thickness and other is with a 16-inch thickness that is where
you have a thin base and thick base. So, with the single axle dual wheel and with a thin
base and thick base system if you vary the thickness of the surface layer how is this tensile
strain and compressive strain going to vary with the thickness of the top surface. So that
is what we are going to see now. So, you have a simulation this is for different cases with
the modulus of E; to be this value, E,, E; modulus values are given here and h,. For
different depth of h,; you have a simulation, this is here. Let us focus on horizontal tensile
strain at the bottom of the asphalt layer which is this case. We have four cases here. The
first one corresponds to a pavement that has a thin base of 4 inch and we use the single axle
single load configurations. The second one corresponds to a pavement with a thin base and
dual wheel load. Third one corresponds to a pavement with a thick base of 16 inch thickness
and single wheel. Fourth one corresponds to a thick base pavement with the dual wheel.
Now comparing these four cases we will understand the influence of &, on the thickness of
asphalt layer. So we can see that there is a critical value for only the single wheel load
cases, that is 1 and 3. So when the asphalt layer is less than 2 inch, so when you increase
the asphalt layer thickness from 0 to 2 inch you can see there is an increase in &, but this
case occurs only for a single wheel load and not for the dual wheel load. So when the
thickness of asphalt layer is above 2 inch on increasing the thickness of the asphalt layer,
you can see that there is a considerable decrease in ;. And you can also see that ¢, value
is lesser for a dual wheel case compared to the single wheel case. So this is as far as ¢; is



concerned. Now you can see the influence of vertical compressive strain at the top of the
subgrade by varying the thickness of top surface. So, here again you have four cases 1, 2,
3 and 4 cases. Now, the first and second case here corresponds to thin base. So, you can
see that increasing the thickness of asphalt layer is more effective in reducing the vertical
compressive strain only if the base is thin. So, you have a drastic reduction in case of 1
and 2. If you have a thick base 3 and 4, you do not find that much of drastic reduction as
in the cases of 1 and 2. So increasing the asphalt layer is more effective in decreasing the
compressive strain at the top of a subgrade only if the base course is thin. If you provide a
a thick base course, h, does not much influence. And here again you can see that &, is
higher consistently for a single wheel load compared to a dual wheel load.
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Now let us understand the effect of base layer thickness variation on &, and €.. So now
let us focus on &, first. You can see that the influence of dual wheel is pronouncing. Dual
wheel has lesser tensile strain compared to the single wheel cases. And h, increase, that
is base layer thickness increase does not have much influence in &;. This you can see the
graph to be flat across different h,. So h,, increase in base layer thickness do not much
influence &; value. But this case, in case of €., you can see that when you increase the
thickness of base layer the vertical compressive strain drastically reduces for asphalt
thickness of 2 inch. But 8 inch, you see a smaller reduction compared to 2 inch thickness.
So increase in h, does not influence &, in much way but it influences ¢, especially when
you provide a thin surface when compared to thick surface.
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Effect of base layer thickness
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Now, we will see the effect of base layer modulus variations in €, and ;. So, this is the
&, Vvariation for different modulus variation of a base layer. So, this simulation was run for
an E; value of 2 x 10>psi and 10° psi, that is, asphalt layer having a small modulus and a
larger modulus with single and dual wheel. So you have 4 cases here and thickness of the
asphalt layer was kept as 4 inch and base layer thickness was kept as 8 inch for all the
simulations. Now, if you see the cases here or increasing the base layer thickness, &;
reduces only when the asphalt modulus is lesser, 2 x 10°. When you provide an asphalt
layer with high modulus value, you do not see much.
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Effect of base layer modulus
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Now, let us focus on the influence of subgrade modulus on &; and ¢, value. The analysis
is run for this structure here. The structure has an asphalt layer thickness of 4 inch, base
course thickness of 8 inch. The modulus of base layer is 2 x 10* psi. The analysis was
run for 2 different modulus of asphalt layer, one is 2 x 10° psi and the second one is 10°
psi. Also, the analysis was run for 2 different loading conditions, one is with a single wheel
and second one is with a dual wheel. So, with this structure the modulus of the subgrade
layer is varied and &, and &, were determined for different cases. Now let us focus on &,
values. So &, versus E5 value is nearly a flatter curve for all 4 cases. This indicates that
variation in the modulus of a subgrade value does not much influence the &, value. We see
quite an opposite trend when we read ¢, value here. So, you can see that by increasing the
E; value, €, decreases considerably and the curve is almost parallel for all cases which says
that increase in subgrade modulus value decreases €, irrespective of whatever the base
asphalt layer modulus is, whatever the axle configuration is. So, if you want to reduce
vertical compressive strain at the top of a subgrade layer one way is to increase the subgrade
modulus.
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Effect of subgrade modulus -
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So, we have learnt 2 layer system and 3 layer system analysis and we saw what are the
critical stresses and how the factors like axle configurations, thickness of a layer and
modulus of a layer influences the critical stresses. Just to consolidate, in short we saw that
& which is the critical tensile strain at the bottom of the asphalt layer is much influenced
by the surface layer thickness and surface layer modulus. So, base course thickness and
modulus have lesser effect on &;. We also saw that vertical compressive strain on the top
of the subgrade layer is much influenced by the base layer property and subgrade modulus.
So, let us keep this in mind when we do a design. So, what next in the KENLAYER is we
will do a damage analysis but we will come back and do a damage analysis once you learn
the basic concept of damage analysis.



