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Stresses in Full-Depth Granular Pavements

S.R. DODDIHAL and B.B. PANDEY

ABSTRACT

Highway pavements for moderate to low-vol-
ume traffic often consist of
materials topped with thin bituminous sur-
facing. The particulate bases transfer the
stresses to the underlying layer by grain-
to-grain interaction and cannot resist ten-
sile stresses. The usual analysis of multi-
layer pavements requires the granular
layers to possess tensile strength. A fi-
nite-element solution is presented for de-
termination of stresses in pavements made
up of full-depth granular layers. In this
method the tensile stresses computed in the
elements of the granular material by the
elastic approach are eliminated during each
iteration until the solution converges. The
vertical stresses on the subgrade are found
to be significantly higher than those ob-
tained from linear-elastic analysis.

grann] ar

Design of highway and airfield pavements involves
selection of materials and determination of the
thickness of various layers that should be used in
pavement construction so that the pavement layers
are stable and carry the traffic during the design
period without any major maintenance. Highway pave-
ments in India and elsewhere for moderate to low-
volume traffic consist essentially of granular ma-
terials in the form of water-bound macadam or
crushed rock with thin bituminous surfacing. The
pavements in such cases are practically full-depth
granular construction if the strength of the thin

bituminous surfacing is ignored. Analysis of such
pavements requires special consideration because of
the particulate nature of the materials and the ab-
sence of confinement for want of a thick bituminous

surfacing |

Various organizations have developed computer
programs such as BISAR (1), CHEVRON (2), ELSYM 5
(3), and so on, based on multilayer elastic theory,
which requires the granular materials to withstand
tensile stresses. Materials like crushed rock or
water~-bound macadam have 1little or no strength in
tension. The little tensile strength that they may
have is because of the interlocking and the inter-
granular friction. Hence the linear or nonlinear
elastic analyses used by different researchers re-
quire modification to account for the limited ten-
sile strength of granular layers of flexible pave-
ments.

Some of the design procedures (4-6) assign defi-
nite values of elastic moduli to the granular bases
depending on the thickness of the layers, and the
pavement is analyzed as an elastic-layered system.
The maximum tensile strain in asphalt concrete and
the vertical stress or strain on the subgrade are
evaluated in order to ensure the safety of the pave-~
ment from fatigue and rutting, respectively.

In this paper the development of an analytical
method for estimating stresses in full-depth granu-
lar pavements is described that takes into account
the limited tensile strength of granular materials.

DEVELOPMENT OF COMPUTER PROGRAM

A finite-element technique has been adopted to de-
velop computer programs for calculation of stresses
in granular pavements., A program designated EPAVE
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was first developed for elastic analysis of a lay-
ered pavement. This formed the basis for development
of computer programs that considered the no-tension
nature of the granular layers. EPAVE was subsequent-
ly modified to account for the low tensile strength
of granular materials and the modified program was
termed NPAVE. When the results of NPAVE were com-
pared with experimental values for full-depth granu-
lar pavements the NPAVE program was further refined,
and the new program for the full-depth granular
pavements was named MPAVE.

EPAVE Program

For developing this basic program, a layered system
is idealized as an axisymmetric solid with finite
boundaries in both radial and vertical directions.
Nodal points on the vertical boundaries at the cen-
ter line and at a distance of 12 radii from the cen-
ter have been constrained from radial movement and
those on the bottom boundary were not allowed to
move in either the vertical or the horizontal direc-
tion. The bottom boundary has been fixed at a depth
of 18 radii in the case of elastic half-space analy-
sis and at a depth of 50 radii for layered pavements
as suggested by Duncan et al. (7). The axisymmetry
body has been divided into a set of 360 triangular
ring elements. Meshes are closer near the axis of
symmetry, and they have been gradually widened to-
ward the boundaries as shown in Figure 1. The dis-
placements within an element are represented by lin-
ear polynomials and one-point integration has been
used for finding the stiffness of each element. The
global stiffness of the system is banded and sym-
metric and the nodal displacements are obtained by a
modified Gaussian elimination technique to suit the
storage of the stiffness in half-band form, The
analysis has been carried out for a single wheel
load of 40 131 N (9,000 1lb) distributed over a cir-
cular area with a tire pressure of 0.55 MPa (80 psi)
by using a consistent load vector. The stresses cal-
culated by this program agree well with those ob-
tained from elastic half-space analysis (8) as shown
in Figure 2 and indicate the validity of the formu-
lation. Poisson's ratio has been taken as 0.35 for
all the layers.

NPAVE Program

The elastic analysis invariably exhibits tensile
stresses in unbound granular layers, which they can-
not resist. These tensile stresses are eliminated by
adopting the following steps based on the principle
of stress transfer developed by Zienkiewicz et al.
(9) ¢

1. Elastic analysis is carried out.

2. Principal stresses (o3, o3, 03) at the cen-
troid of each element in granular layers are calcu-
lated by using the formulas given as follows:

01,02 = [(02 + 0,-)/2] k4 {[(oz - 0r)/2] . + T}z }% (1)

03 = 0g (2)

where 03, 03, and g3 are the principal stresses at
the centroid of each element and Gyr Ops Ogr and 1.,
are, respectively, vertical, radial, tangential, and
shear stresses at the centroid of each element.

3. The angles of inclination (8) of principal
Planes are determined.

4. Principal tensile
are ldentified.

and compressive stresses
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FIGURE 2 Comparison of vertical stress at 0.783 times
radius of loaded region from EPAVE and elastic half-
space analysis.

5. A nominal stress of 0.0055 MPa (0.80 psi)
equal to 1 percent of the applied surface pressure
is taken as the limiting tensile strength of granu-
lar materials.

6. If the principal tensile stresses are greater
than the 1limiting value, stresses (02, Oy
Tyopr a?) _necessary on the elements to cause

nci

only pr pal tensile stresses are calculated from

the following:

0, = [(01 + 02)/2] + [(0, - 02)/2] cos28 3)

0 = [(0g +02)/2) - [(01 = 0,)/2] cos28 @)

g =03 )

Trz = [(07 = 03)/2] sin26 6)
7. The nodal forces {g®} required to develop

stresses o0,, 0y, 0y, and 1y, calculated in step 6 are
found by using the following equation:

{a°}=sB17 {0} d (vo) )

where



96

[B1T = transpose of strain matrix of an
élement,

{0} = stress vector at the centroid of the
element, and

vol = volume of the element.

8. The nodal forces obtained in step 7 are as-
sembled to obtain the global load vector.

9. The stresses o0, ops trzs, and 0 necessary on
the elements to develop only principal compressive
stresses are calculated.

10. Once again the elastic analysis is carried
out with the load vector calculated in step 8.

11. The stresses obtained in step 10 are added to
the stress found in step 9 and strains obtained in
step 10 are added to those of the previous elastic
analysis.

12. Steps 2 to 11 are repeated until the tensile
stresses in the granular layer become equal to or
less than 0.0055 MPa.

It is observed that for E,/E3 = 2 and Hy/A
convergence occurred within four cycles, whereas for
Ep/E3 20, Hy/A 2, six cycles were required
for convergence. The larger the tensile stresses
computed by the elastic analysis, the greater is the

number of iterations for convergence.

S

NPAVE RESULTS

Full-depth granular pavements have been analyzed for
thicknesses ranging from two to five times the
radius of the loaded area and modular ratios ranging
from 2 to 20. The vertical stresses on the top of
the subgrade estimated by the EPAVE and NPAVE pro-
grams are given in Table 1. It is seen that the no-
tension analysis (NPAVE) gives higher vertical
stresses than the corresponding elastic analysis
(EPAVE) . In order to check the validity of the anal-
ysis, the measured values of stresses by McMahon and
Yoder (10), Khanna and Mathur (11), and De (12) have
been compared with those predicted by the programs

EPAVE and NPAYE and are shown in Tables 2, 3, and 4,
To compare the results of McMahon and Yoder (10),
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the modular ratio has been computed by using the
equation given by BEdwards and Valkering (13) because
these bases were made up of crushed limestone well

compacted by a gasoline-powered vibrator. The modu-
lar-ratio equation is given as follows:
E,/E3 =0.58H345 ®)

whe;e E, and Ey are the elastic moduli of the
granular base and the subgrade, respectively, and
Hg is the thickness of the granular layer in mil-

limeters.

The formula for computation of the modular ratio
given by Dormon and Metcalf (14) has been adopted
for comparing experimental results of Khanna and
Mathur (11) and De (12), who used open-graded granu-
lar materials during their experiments. In the model
tests reported by Khanna and Mathur, 25-mm (l=-in.)
aggregates were evenly spread to a loose depth of
100 mm (4 in.) in a tank 1.22 x 1.22 m (4 x 4 ft),
and the layer was compacted dry. Subsequently 12,5-
mm (0.49-in.) aggregate and moorum with 75 percent
sand were added in stages and compacted first in the
dry condition and then after the surface had been
wet with water. The compacted depth was 75 mm (3
in.). Various layers were constructed in multiples
of 75 mm. The granular layers in De's model experi-
ments consisted of aggregates that passed through
the following sieve sizes: 19, 12.5, 9.5, 4.76, and
2,36 mm (3/4, 1/2, 1/8 in. and No. 4 and No., 8). The
percent passing was 100, 93, 88, 50, and 0, respec-
tively. The modular-ratio formula is taken as fol-
lows:

Ey/E3 =0.2H34® ©)
The validity of these approaches will be examined
later in this paper.

Although the stresses obtained by the NPAVE
program are higher than those computed by the EPAVE
program, they are still significantly lower than the
measured values. Hence the NPAVE program requires
further modification to take into account the
load~-spreading behavior of granular materials.

From the pressure distribution diagrams obtained

TABLE 1 Vertical Stresses on Top of Subgrade

Vertical Stresses (% compression)

Thickness of Base E;/E3 =2 E,/E3 =10 E,/E3 =20
Course (1adii)
Slab No. (Hy/A) EPAVE NPAVE EPAVE NPAVE EPAVE NPAVE
1 2.0 16.75 19.00 10.50 13.75 5.50 9.00
2 3.0 9.75 11.00 5.50 6.25 2.50 3.25
3 5.0 3.00 325 2.25 2.50 1.25 1.25

Note: A = radius of loaded area = 152.4 mm (6 in.); Hy/A = thickness of granular layer in radii; Ey/E3 = ratio of the

moduli of the granular layer and the subgrade,

TABLE 2 Comparison of Measured and Predicted Values of Vertical Stresses on Top of Subgrade:

Results of McMahon and Yoder (10)

Plate Diameter

Vertical Stresses (% compression)

Slab  and Base Thick- E,/Es McMahon and Elastic Half-Space
No.  ness (mm) Hy/A  (0.58H3*5)  Yoder (10) NPAVE  EPAVE  Analysis®

1 182.6and 101.6  1.113  4.64 51.0 52.03 44.57 60.00

2 182.6and 203.2 2226  6.34 17.0 12.97 11.63 23.74

3 182.6and 304.8 3339 7.6l 12.5 5.76 5.32 12.60

4 304.8and 203.2  1.330  6.34 38.0 33.66 28.61 48.80

5 304.8 and 304.8  2.000  7.61 26.0 14.86 12.87 28.45

6 4572and 304.8 1330  7.61 38.0 31.59 26.01 48.80

Note: 1 mm = 0.04 in.

4, /E3 = 1.
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TABLE 3 Comparison of Measured and Predicted Values of Vertical Stresses on Top of Subgrade:

Results of Khanna and Mathur (11)

Plate Diameter

Vertical Stresses (% compression)

Slab and Base Thick- E,/E; Khanna and Elastic Haif-Space
No. ness (mm) Hy/A  (0.2H3*%) Mathur (11) NPAVE  EPAVE  Analysis®

1 152.4and 152.4  2.00 2,000 38.00 20.37 13.75 28.45

2 152.4and 228.6  3.00 2.305 20.00 9.22 8.32 14.62

Note: | mm = 0,04 in.
AE,/E3 = 1.

TABLE 4 Comparison of Measured and Predicted Values of Vertical Stresses on Top of Subgrade:

Results of De (12)

Plate Diameter

Vertical Stresses (% compression)

Slab and Base Thick- E,/E3 Elastic Half-Space
No. ness (mm) Hy/A  (0.2H3*5) De (12) NPAVE EPAVE  Analysis®

1 3302and 304.8  1.846  2.623 28.80 23.24 20.28 32.63

2 228.6 and 228.6  2.000  2.305 34.00 20.37 17.12 28.45

3 152.4 and 228.6  3.000  2.305 14.62

20.00 9.22 8.32

Note: 1 mm = 0.04 in.
8E,/E3 = 1.

by Herner (15), Khanna and Mathur (ll), and De (12),
it is observed that the stress distribution in gran-
ular layers is confined to certain zones only. 1In
the usual finite-element idealization all the ele-
ments up to 12 radii or more in the radial direction
are considered for load transfer to the lower lay-
ers. It is seen from Figure 3 that the vertical
pressure distribution on the subgrade due to the ap-
plied loads on the surface of the granular layers is
confined within a 2zone formed by 45-degree lines,
and hence the elements outside the zone do not par-
ticipate in the stress distribution. They have been
assigned a modular ratio one-tenth of their wvalues
in the NPAVE program. This makes the boundary of the
zone nearly free and it simulates the stress dis-
tribution condition illustrated in Figure 3. This
method of stiffness reduction is adopted so that the
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FIGURE 3 Stress distribution in granular bases.

same NPAVE program can be used with a little modifi-
cation in this case. The modified NPAVE program is
termed MPAVE.

MPAVE RESULTS

Figures 4, 5, and 6 give the results of some full-
depth granular pavements for both the EPAVE and the
MPAVE programs. Because the vertical stress on the
subgrade is a major factor to be considered in the
design of such pavements, the values of the vertical
stresses on the top of the subgrade are shown in
Figure 7 for various modular ratios and pavement
thicknesses for the EPAVE, NPAVE, and MPAVE
programs. It may be seen that when Hy/A is equal
to or greater than 5, all the analyses give the same
results.

COMPARISON OF MPAVE STRESSES WITH MEASURED VALUES

The stresses measured by McMahon and Yoder (10) were
compared with those estimated by the MPAVE program
and are given in Table 5. For the comparison, the
modular ratio given by Equation 8 has been used.

VERTICAL STRESS IN PERCENT
OO 10 2‘0 3|0 470 5[0 60 7

A 05 MPa
o
BASE COURSE
ELY,

SUB GRADE
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2% V,2V3=0'35

DEPTH BELOW SURFACE IN RADII
o

FIGURE 4 Vertical stress versus depth below surface for
Hz/A = 2, Ez/Es =2.
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Table 5 shows clearly how the stresses on the sub-
grade increase as the program is improved by the
consideration of the particulate nature of the base
courses. The stresses predicted by MPAVE agree rea-
sonably well with those measured by McMahon and
Yoder (10) for rows 1, 2, 4, and 6, but the results
in rows 3 and 5 deviate considerably from the mea-
sured values. However, it may be seen that McMahon
and Yoder's results in rows 3 and 5 are close to the
elastic half-space solution (Ep/Ey3 = 1) given
for those rows in the last column of Table 5. This
indicates that the granular material was not effec-
tive in reducing vertical stress on the subgrade,
probably because of lack of proper grading or poor
compaction or both,

Stresses measured by Khanna and Mathur (11) and
by De (12) are compared with those predicted by
MPAVE and elastic half-space analysis. The compari-
son is shown in Tables 6 and 7. For these cases
Equation 9 is used for modular-ratio calculation.
Measured values by Khanna and Mathur (ll) are con-
siderably higher than those predicted by the elastic
half-space solution (Ep/E3 = 1), which indicates
that the base course was of poor quality. The stress
predicted by MPAVE nearly agrees with that measured
by De in row 1, but other results deviate consider-
ably from the measured values. However, it may be
seen that the measured values in rows 2 and 3 are
much higher than those predicted by the elastic
half-space solution. This indicates that the granu-
lar layers had no strengthening effect because of
lack of grading or improper compaction or both.

It is thus generally found that the vertical
stresses on the top of the subgrade predicted by the
MPAVE program are reasonably close to the experimen-
tal values for the base courses that are well graded
and properly compacted.

It may be noted that the computation has been
done with the assumption that the load is uniformly
distributed over a circle, whereas experimental re-
sults were obtained from rigid-plate tests. But the
numerous tests by Herner (15) on granular bases of
various thicknesses indicated that the wvertical
pressure transmitted to the subgrades from the loads
applied on the bases by rigid plates or by pneumatic
tires are nearly the same, except for the tests on
thin bases. In such cases the stress distribution
curves from rigid-plate loading are a little flatter
than those obtained from pneumatic-tire loading.

The measured values of vertical subgrade stress
for the thinnest base layer in slab 1 of Table 5 are
lower than the MPAVE or NPAVE values. On the basis
of Herner's test results (15) discussed earlier, the
experimental results of McMahon and Yoder (10) for
the thin layer would have been still closer to those
predicted by the MPAVE program if the load had been
applied by pneumatic tires. The comparison of the
theoretical values with experimental results sub-
stantiates the validity of the theory within reason-
able engineering accuracy in spite of unavoidable
experimental errors in pressure measurement in the

TABLE 5 Comparison of Experimental Results of McMahon and Yoder (10) with Computed Results

Plate Diameter

Vertical Stresses (% compression)

Slab and Base Thick- Ey/E3 McMahon and Elastic Half-Space
No. ness (mm) Hy/A  (0.58H3%5)  Yoder (10) EPAVE NPAVE MPAVE Analysis

1 182.6and 101.6  1.113 4,64 51.00 44.57 52.03 55.42 60.00

2 182.6and 203.2 2226  6.34 17.00 11.63 12.97 15.22 23.74

3 182.6 and 304.8 3339  7.61 12.50 532 5.76 7.04 12.60

4 304.8and 2032  1.330  6.34 38.00 28.61 33.66 37.28 48.80

5 304.8and 3048  2.000  7.61 26.00 12.87 14.86 17.18 28.45

6 457.2and 304.8 1330 7.6l 38.00 26.01 31.59 34.94 48.80

Note: 1 mm = 0.04 in.
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subgrade. McMahon and Yoder (10) have found the ex-
perimental errors to be within 5 percent of the ac-
tual values in clay soil.

VALIDITY OF DIFFERENT PROCEDURES

The measured values of stresses obtained by McMahon
and Yoder (10) for well-compacted granular bases
have been compared with those calculated by MPAVE by
using modular ratios given by Equations 8 and 9;
they are given in Table 8. It may be seen from col-
umns 4, 5, and 6 of Table 8 that the vertical
stresses on the subgrade by using the modular-ratio
formula of Edwards and Valkering (13) are generally
closer to the measured values than those computed by
using Equation 9. Modular-ratio values given by
others (5,16) generally give vertical stress values
intermediate between those in columns 5 and 6. As
mentioned earlier, the experimental values of Mc-
Mahon and Yoder (10) in rows 3 and 5 are close to
elastic half-space analysis, and this indicates that
the bases were poorly constructed. The stresses com-
puted with the modular ratio given by Dormon and
Metcalf (14) for bases in rows 3 and 5 are closer to
the measured values, whereas those computed by using
the modular ratios given by Edwards and Valkering
(13) are much lower. Hence the modular ratios given
by Dormon and Metcalf (14) are suitable for poorly
graded base courses like the water-bound macadam so
commonly used in India. If a good computing facility
is not available, elastic half-space analysis for
full-depth granular pavements similar to water-bound
macadam may be carried out to obtain a reasonable
estimate of the vertical stress on the top of the
subgrade.
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CONCLUSION

The stresses and strains predicted by the EPAVE pro-
gram agree with those obtained by elastic half-space
analysis. The values of the vertical stresses on the
top of the subgrade predicted by the NPAVE program
are higher than those predicted by the EPAVE pro-
gram. The maximum increase in vertical stress on the
top of the subgrade is 63.6 percent for a pavement

with Ho/A = 2.0 and Eo/Eq = 20. The difference in the
vertical stress estimated by the programs decreases
with greater base-course thickness, and little dif-
ference is observed if the thickness of the granular
layer is equal to or greater than five times the
radius of the loaded area.

Measured vertical stresses on the top of the sub-
grade agree well with those predicted by MPAVE ex-
cept for the cases in which the measured values are
nearer or higher than those predicted by elastic
half-space analysis. The measured values closer to
or higher than the Boussinesg solution indicate that
the grading or compaction or both of base courses
are poor and there is no significant strengthening
effect of the granular layer.

The modular-ratio equation given by Fdwards and
Valkering (13) is suitable for well-graded and prop-
erly compacted base courses. The values given by
Dormon and Metcalf (14) appear to be more appropri-
ate for poorly graded_gtanular layers.

In the absence of a good computing facility elas-
tic half-space analysis may be used for the computa-
tion of vertical stresses on the top of the subgrade
for full-depth granular pavements in which granular
materials are open graded.

TABLE 6 Comparison of Experimental Results by Khanna and Mathur (11) with

Predicted Values
Vertical Stresses (% compression)
Plate Diameter
Slab and Base Thick- Ey/E3 Khanna and Elastic Half-
No. ness (mm) Hy/A (0.2}1‘2’-“5) Mathur (71) MPAVE  Space Analysis
1 1524 and 152.4 2.00 2.000 38.00 22.87 28.45
2 152.4 and 228.6 3.00 2.305 20.00 11.12 14.62

Note: 1 mm = 0.04 in,

TABLE 7 Comparison of Experimental Results by De (12) with Predicted Values

Plate Diameter

Vertical Stresses (% compression)

Slab  and Base Thick- Ey/Es Elastic Half-
No., ness (mm) H, /A (0.21{3-45) De(12) MPAVE Space Analysis
il 330.2 and 304.8 1.846 2.623 28.80 25.47 3263

2 228.6 and 228.6 2.000 2.305 34.00 22.52 28.45

3 152.4 and 228.6 3.000 2.305 20.00 1112 14.62

Note: 1 mm = 0,04 in,

TABLE 8 Measured and Computed Vertical Stresses by Using Modular Ratios Calculated

by Different Equations

Vertical Stresses (% compression)

Plate Diameter

Slab and Base Thick- McMahon and Dorman and Edwards and Elastic Half-
No. ness (mm) H, /A Yoder (10) Metcalf (14) Valkering (13}  Space Analysis
1 182.6 and 101.6 1.113 51.00 63.41 55.42 60.00

2 182.6 and 203.2  2.226 17.00 18.80 1512 23.74

3 182.6 and 304.8  3.339 12.50 9.08 7.04 12.60

4 304.8 and 203.8  1.330 38.00 46.06 37.28 48.80

5 304.8 and 304.8  2.000 26.00 22.16 17.18 28.45

6 457.2and 304.8  1.330 38.00 45.05 34,94 48.80

Note: 1 mm = 0.04 in.
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