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The problem of subgrade rutting is an important factor
in the overall structural design system of flexible pave-
ments, In recent years, the method of controlling the
magnitude of the vertical compressive strain at the
surface of the subgrade to some tolerable amount as-
sociated with a specific number of load repetitions has
been proposed and adopted in some design procedures.
By controlling the characteristics of the material in the
pavement sections through proper design and construc-
tion procedures and by ensuring that materials of ade-
quate stiffness and sufficient thickness are used so that
this strain level is not exceeded, rutting equal to or less
than some prescribed amount is assured. The use of
these limiting subgrade strain criteria has been de-
veloped for both highway and airfield pavements (1, 2,
3,4,5.

Since most of the current research work on rutting
has emphasized the study of the factors influencing the
rutting of subgrade soil by using the results of laboratory
repeated-load tests, this paper reports studies in which
the amount of rutting occurring in the subgrade soil of
prototype accelerated-traffic test pavements has been
computed, and the rutting characteristics of subgrade
goil as related to factors such as pavement thickness,
subgrade strength, magnitude of load, and load repeti-
tions have been investigated. Computations were also
made on subgrade soils of many pavements designed by
the CBR equation for different loads and different sub-
grade strengths by using the procedure suggested by
Monismith and others (6).

LABORATORY TESTING AND
THEORETICAL COMPUTATIONS

The soil tested in the laboratory was a heavy clay ma-
terial, which has an LL of 73 and a PI of 48. The

samples were 7.1 ¢cm (2.8 in) in diameter and 15.2 ¢m
(6 in) in length and were compacted using the Corps of
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Engineers (CE) 12 compaction effort. A conventional
triaxial cell was used for testing, but no confining pres-
sure was used throughout the testing program. The
laboratory results showed that the permanent strain
increases greatly with increased load repetitions and
also with increased load intensity. As the CBR of the
soil increases, its resistance to permanent deformation
increases rapidly (7). Elastic strains were measured
in each soil specimen during the tests. Figure 1 shows
the relation between the elastic and the permanent strains
measured at 1000 repetitions. The permanent strain
increases with increasing elastic strain, and, at a given
elastic strain, the permanent strain increases with de~
creasing soil strength. Similar relations are also found
for other numbers of strain repetitions.

The BISTRO computer program was used to compute
the stresses in the subgrade. The computed points in
the subgrade were spaced closely near the subgrade
surface but farther apart as the depth increased. The
permanent strains were computed to a depth of about
16 m (50 {t), where the stresses became negligibly small.
For single-wheel loads, the permanent strains were
computed at points along the load axis; for multiple-wheel
loads, the permanent strains were computed at points
along the vertical axis at the centroid of the Boeing 747
twin-tandem assembly and at points along the vertical
axis under one of the inner wheels in the second row of
the C-5A 12-wheel assembly, where the computed values
are generally their maximum,

The test pavements analyzed in this study were con-
ventional flexible pavements and full-depth asphalt pave-
ments. The selections of modulus values for the asphalt
concrete, unbound granular materials, and subgrade soils
are explained as follows:

Asphalt Conerete

For each test pavement, a mean temperature versus
depth relation for the whole traffic period was determined
and used in the computations. The resilient moduli of
asphalt mixtures developed by the Asphalt Institute (8)
and shown below were used. -



Asphalt Thickness Modulus

{cm) (mPa)
5.1 965
7.6 1034

10.1 1102

Poisson's ratio was taken as 0.4.

Unbound Granular Materials

The modulus ratio of the unbound granular layer to the
subgrade given by the Asphalt Institute (3) was used and
is shown below.

CBR Modulus Ratio
3 29

5 2.3

10 1.8

Poisson's ratio was taken as 0.45,

Subgrade Soils

The empirical relation E = 1500 CBR was used in the
analysis to determine the moduli of the subgrade soils.
Poisson's ratio was taken as 0.4.

COMPUTED RESULTS

In the use of laboratory repeated-load test data for
computation of the rutting oecurring in the subgrade of
field test pavements under accelerated traffic loads,
one coverage in the field is assumed to be equal to one
strain repetition in the laboratory.

Multiple-Wheel Loads

Table 1 gives test data for 11 selected test pavements
under multiple-wheel heavy-gear loads. The pave-
ments were trafficked by prototype loadings of a 12~
wheel assembly (one main gear of a C-5A) and a twin~-
tandem assembly (one twin-tandem component of a
Boeing 747). All test pavements were constructed over
a 4-CBR subgrade soil, except pavements 2 and 6 in
which an extra-weak layer [0.91 m (3 ft)] of 2-CBR ma-
terial was placed 55 ¢cm (21 in) below the surface of the
4-CBR subgrade. The purpose of this arrangement was
to determine the possible effects of a deep soft layer
beneath very heavy multiple-wheel aircraft loadings.
The results showed that this had no significant effect on
the overall performance of the pavement. The failure
coverage level for each pavement shown in Table 1 was
determined when either of the following conditions oc-
curred: (a) a surface upheaval of 2.54 em (1 in) or more
of the pavement adjacent to the traffic lane (pavement
shear failure) or (b) severesurface crackingtosignificant
depths. Surface rutting was not considered in the failure
criteria,

The relations between the computed values of the
elastic vertical strain and the rutting in the subgrade
and the coverages at failure of the 11 test pavements
are shown in Figures 2a and 2b respectively. Because
of the special subgrade condition in pavements 2 and 6
the computed values for these two pavements deviated
from the others, and the straight lines shown in Figures
2a and 2b were drawn through the data points without
consideration of these pavements. Figure 2a shows that
there is a good correlation between the subgrade vertical
strains and the coverage levels, indicating that subgrade
strain is a reliable parameter for correlation with pave-
ment performance. Figure 2b shows the subgrade rutting
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computed at failure for the 11 test pavements. It is not
fully understood why test pavements that had different
thicknesses and were failed by a given aircraft load had
nearly the same amount of accumulated subgrade rutting
at the time of failure. The magnitude of rutting varied
with different aircraft loads. The rutting computed for
pavements 2 and 6 was substantially greater than that
for pavements 1 and 5 respectively. This variation was
caused by the existence of the weak layer in pavements
2 and 6.

Measurements of rutting at the subgrade surface of
each test pavement were not available; hence, the mea-
sured and computed subgrade ruttings could not be com~
pared. Rutting at the pavement surface was optically
measured for all of the test pavements; this information
and the measured upheaval and pavement thickness are
given in parentheses next to the pavement number in
Figure 2b. For all of the pavements, the measured sur-
face rutting was much greater than the computed sub-
grade rutting. The surface rutting for pavements with
thick asphalt-concrete layers (pavements 7, 8, 10, and
11) was much greater than that for the conventional
flexible pavements., This large degree of rutting was
caused by the hot temperatures during the traffic period.
For conventional flexible pavements, i.e., pavements
1 and 3 for the Boeing 747 and pavements 5 and 9 for the
C-5A, the measured surface rut depth increases as the
pavement thickness increases. At a given performance
level, for example, 280 coverages, the measured surface
rut depth for the thicker pavement that was required by
the heavier load (the Boeing 747) was much greater than
that for the thinner pavement required by the lighter load
(the C-5A),

Single-Wheel Loads

The analysis in this paper is limited to pavements de-
signed by the CBR equation, The formulation of this
equation is based on the results of numerous full-scale
accelerated traffic tests and represents reliable data
and extensive observations by the CE. A pavement de-
signed by the CBR equation has a thickness sufficient to
prevent shear failure in the subgrade soil. Many such
pavements were designed by the CBR equation for 5000
coverages under many different wheel loads and different
subgrade CBRs. The thicknesses of the asphalt and
base layers were determined by the CE standard flexible
pavement design procedure, and the elastic stresses and
strains and the rutting at the subgrade surface of each
pavement were computed; the results are shown in Fig-
ure 3.

For pavements designed for the same coverage level,
the elastic vertical strain at the subgrade surface (Fig-
ure 3a) varies very slightly with varying subgrade CBR
and varying wheel loads. For subgrade CBRs ranging
from 2.4 to 6.3, the average strain increased only from
0.0015 to 0.0018 cm/cm. Thus, for practical design
purposes, for pavements designed for the same cover-
age level, the subgrade vertical strain is independent
of the subgrade CBR and the wheel load.

The computed deviator stresses at the subgrade sur-
faces of these pavements are shown in Figure 3b, which
shows that, for pavements designed for the same coverage
level, the deviator stress at the subgrade surface in-
creases nearly linearly with increasing subgrade CBR
but is nearly independent of variations in the wheel load.
The lack of dependence of the deviator stress on the
variation in the wheel load is reasonable because these
pavements were designed by the CBR equation, which
provides an adequate thickness of pavement to protect
the subgrade from shear failure. For pavements con-
structed over subgrade soils having the same CBR, the
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Figure 1. Relation between permanent strain and elastic strain for
buckshot clay.

stresses at the surface of the subgrade should be the
same for any wheel loads.

10— T T e Figure 3c shows that, for pavements designed for the
= - same coverage level, the subgrade rutting decreases
= N with increasing subgrade CBR and with decreasing wheel
kS N load.
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e n In the CE failure criteria, from which the failure cover-
.5 ages of the field test pavements were determined, sur-
o face rut depth is not considered to be a primary factor in
Zz |- Bl judging pavement failure., Thus, since the subgrade
s - strain criteria developed by Witezak (3) for full-depth
- - = 4 = 3
wh o asphalt-concrete pavements were based on an analysis
8 1 of field tests conducted by the CE, the criterion of sur-
2. 7 face rut depth is not included in the developed perfor-
i o mance models. In contrast, the Shell criteria (1) were
- - ] developed by elastic analysis of pavement design accord-
ing to the CBR procedure and the performance results
- N of the AASHO Road Test and are thought to be asasociated
with ultimate rut depths of approximately 2 cm (7 in).
The concept of limiting surface rutting has been advo-
= 1 L TN | T cated 1n'recent years, but _it has not yet been imple-
0.1 1 0 mented in any existing design procedure.
ELASTIC STRAIN &g, 107 CM/CM The computed results shown in Figures 2a and 3a
Table 1. Multiple-wheel data. Tire Thickness (cm)
Test Aircraft Assembly Contact —_ Subgrade Coverages
Point  Type Load (kN)  Area (m®)  Surface Base Subbase CBR at Failure
1 Boeing 747 1070 0.187 7.6 152 61 3.8 40
2 Boeing 747 1070 0.187 7.6 152 61 4 40
3 Boeing 747 1070 0.187 7.6 152 81.3 4 280
4 C-5A 1600 0.184 7,6 152 152 8.7 8
5 C-5A 1600 0.184 7.6 5.2 6l 3.8 1500
6 C-5A 1600 0.184 7.6 152 61 4 1500
7 C-5A 1600 0.184 7.6 30.5° 0 4 98
8 C-5A 1600 0.184 38.1 0 0 4 425
9 C-5A 1600 0.184 7.6 152 38.1 4 104
10 C-5A 1600 0.184 22,9 0 381 4 734
11 C-5A 1600 0.184 22.9 38.1° 0 4 2198
Note: 1 kN = 0.224 809 kip; 1 m? = 1550in?; 1 m = 39.4 in
9A 0.91-m-thick layer of 2-CBR soil was placed 0.53 m below the subgrade surface. ®Asphalt-stabilized
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Figure 3. Vertical strain and deviator stress at subgrade
surface and permanent deformation in the subgrade versus
subgrade CBR for pavements designed at 5000 coverages for
many single-wheel loads.
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SUBGRADE CBR

indicate that, for pavements designed for the same per-
formance level, the subgrade elastic vertical strains
are nearly the same and are independent of the subgrade
strength, the wheel load, and the gear type, This is a
reasonable result of the theory on which the CBR equa-
tion is based: A pavement designed by the CBR equation
will have a thickness that is sufficient to prevent shear
failure in the subgrade soil. Two pavements designed
by the CBR equation for the same performance level
will show nearly equal shearing (or compressive) strain
at the subgrade surface. The computed results shown
in Figures 2b and 3c indicate that, for pavements de-
gigned for the same performance level, the subgrade
rutting varies with the subgrade strength, but the sub~
grade elastic strains are the same, These results
could be expected because the laboratory repeated-load
test results shown in Figure 1 indicate that, for a given
value of elastic strain, the permanent strain of the sub-
grade increases with decreasing CBR values. This
relationship also explains why, for pavements designed
by the CBR equation for a given number of coverages,
the permanent strain increases with decreasing sub-
grade CBR (as shown in Figure 3¢), while the subgrade
elastic strains are nearly the same.

The comparisons between pavements 1 and 2 and
pavements b and 6 are of particular interest. Figure 2b
shows that the subgrade rutting in pavements 2 and 6
was much larger than that in pavements 1 and 5 respec-
tively, while the overall performances of pavements 1
and 2 and pavements 5 and 6 were the same (see Table
1) and the subgrade elastic strains in pavements 1 and
2 and pavements 5 and 6 were also the same. Appar-
ently, the soft layer deep in the subgrade deformed
nearly uniformly under the action of the multiple-wheel
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loads. Consequently, the pavement structure above the
soft layer moved downward nearly uniformly, following
the movement of the soft layer without experiencing any
significant additional bending stresses as compared with
those in pavements 1 and 5 in which the soft layer did
not exist. In other words, two pavements having the
same subgrade elastic strain will fail at the same
coverage level but may experience different degrees of
rutting in the subgrade because of different subgrade
conditions.

The discussions presented in this paper are con-
tradictory to the generally accepted concept that as-
sumes that, if the material and thickness of a pavement
are properly selected and proper compaction is applied
so that the subgrade elastic strain is limited, the sub-
grade rutting will be controlled and surface rutting equal
to or less than some prescribed amount will be ensured.
This concept is based on the assumption that, when two
pavements are designed for the same performance level,
not only are the subgrade elastic strains the same, but
the subgrade rutting is also similar, This assumption
is not strictly correct.

These results indicate that the surface rut depth
measured at the time the pavement is judged to be failed
may increase as the thickness of the pavement is in-
creased, even though the material in each layer of the
pavement has been properly selected and compacted.
Since the surface rut depth is not limited by the failure
criteria, when two pavements are designed for the same
performance level the surface rut depth and the subgrade
rutting will be greater for the thicker pavement (due
either to heavier applied loads or to weaker subgrade
support), while the elastic vertical strain at the surface
of the subgrade will be nearly the same for the two pave-
ments.

If it is desired that pavements designed for the same
performance level have the same degree of rutting in the
subgrade, the elastic vertical strains at the subgrade
surface induced by the load will have to be varied, with
smaller elastic strains allowed for weaker subgrades and
greater elastic strains allowed for stronger subgrades.
This is, of course, in contrast with the current limiting
subgrade strain criteria concept in which pavements de-
signed for the same performance level have the same
elastic vertical strains at the subgrade surface. [The
limiting subgrade strains for both highway and airfield
pavements adopted by a number of agencies are given by
Yoder and Witczak (5)].
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