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Effective Granular Modulus to Model Pavement Responses

RICHARD W. MAY AND MATTHEW W. WITCZAK

This report presents tha results of a research study to further investigate the
initial findings of an earlier research project ning the p of pave-
ment deflections. The principal objective of this study was to explore the con-
sistent lack of agreement betwsen field-measured defiections and those com-
puted by using elastic-layered theory pled with li dynamic modulus
tests. During several periods of the year, surface deflecti ware ad
with the Thumper testing vehicles on the same three Maryland flexible pavement
sactions that were previously studied. These field deflections were predicted
mathematically for a large number of specific test conditions. Although these
predicted deflections failed to match the measured values, a consistent trend

in the ratio of the corresponding deflections was d; d. As suggested in a
pravious study, an adjustment factor was applied to the granular base modulus
to cause the deflection ratio to approach one, Linear log-log relationships were
derived between this factor and increasing measured deflection values. From
this analysis, it was surmised that current laboratory methods of granular ma-
torial characterization appear to be inadequate for modeling in situ behavior,
regardless of the measuring device. Based on the findings of recent seismic re-
search, further analysis was made to determine whether a relationship exists
between the adjustment factor and the induced shear strain in the granular
layer. A clear curvilinear plot was produced, which indi d that the adjust-
ment to the granular modulus is definitely related to the shear strain that de-
velops in response to the surface loading. As a result, a procedure was pre-
sented for correcting for the effective in situ granular base modulus,

With the development of theory to model layered
flexible pavement structure, researchers and design-
ers realize the importance of obtaining accurate
estimates of the actual field conditions. Labora-
tory testing of core samples taken from in-service
highway pavements to estimate in situ strength char-
acteristics is time consuming, destructive, and
expensive. In contrast, surface deflection measure—
ments are recognized as a valuable tool for obtain-
ing quantitative information about a pavement struc-
ture because of its simplicity and nondestructive
nature.

Currently, a large amount of research work that
uses elastic-layered theory is involved in the de-
termination of the in situ moduli of some or all of
the layers that constitute a pavement system. The
accuracy of these models is dependent on the manner
in which the material properties are obtained and
entered into the program. Adjustments to the models

have been suggested (l1-3) to incorporate the effects
of test load frequency, temperature, and stress de-
pendency on material behavior. Further improvement
is advocated in the characterization of the granular
base course material (4). Because of the large
scatter that accompanies laboratory testing of re-
molded specimens, a better method 1is needed for
evaluating the strength of this layer.

STUDY OBJECTIVE

This study (5) was initiated to further research re=-
sults of a previous study (6) that observed a con-
sistent trend in the analysis of deflections mea-
sured with a road ratér and a Benkelman beam. The
same three Maryland state highway sections were
tested by measuring surface deflections by using the
Federal Highway Administration (FHWA) pavement test-
ing device called "Thumper." Measurements were made
at three frequencies, four load magnitudes, and five
times during the year to increase the data base ob-
tained by using the other two deflection devices.

ANALYSIS PROCEDURE

The testing was conducted on field test sections of
UsS-1, MD-97, and Interstate 695. At the time the
data were taken, US-1 displayed extensive surface
cracking, MD-97 had some minor surface cracking es-
pecially in the wheelpath, and I-695 was completely
intact. For each of these sections, layer thick-
nesses and material characterizations were previ-
ously established (7) and are presented in Figure 1
and Table 1, respectively. The moduli of the
asphalt-stabilized layers were obtained from Shell
nomographs developed for these particular mix de-
signs and are a function of pavement temperature and
load frequency. The temperature within each asphalt
layer for each Thumper test date was calculated from
surface measurements and relationships developed by
Southgate (8). As shown in Table 1, the moduli of
the lower layers were determined in the laboratory

Figure 1. Average cross-sections of Maryland T.2" AC
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shown in Figure 4. In view of all the possible
sources of error, the amount of scatter is extremely
small. These data show that some consistent and ra-
tional cause appears to be responsible for the lack
of agreement between measured and calculated deflec-
tions.

Data for the Winchendon test section appear to
fall slightly out of line with the rest of points
plotted in Figure 4. Although analysis of these
data is still in progress, this deviation may be
partly explained by a closer examination of the in-
dividual data points. MD-97 and especially US-1 had
considerable surface cracking that was not taken
into account in the characterization of the modulus
of this layer. If the original asphalt concrete
moduli for these sections were reduced to reflect
the loss of structural integrity due to cracking,
the predicted or computed deflection would increase
and, in turn, increase the deflection ratio. This
revision could conceivably cause the MD-97 and US-1
data to align more closely with the I-695, San Diego
road test, and Winchendon data; however, further re-
search must be conducted before conclusive results
can be reached.

Normalized Deflection, Aia (x1076) (in.2/1b.)
o

Granular Modulus Adjustment

Past research (4,11) has shown deficiencies in cur-
rent methods for evaluation of granular material in
the laboratory. 1In this study, because of these un-
certainties in remolding and compacting granular ma-
terial for modulus testing in the laboratory and the
suggestions of other research results (6,12), the
granular base modulus was modified to produce agree-
ment between measured and computed deflections.
Assuming that the multilayer elastic computer model
is satisfactory and the modular inputs of the other
layers are appropriate, the revised pavement layer
system is believed to be compatible with field be-
havior.

The procedure used for adjusting the modulus of
the granular layer was the same as that reported by
D'Amato and Witczak (6). The resilient modulus
equation obtained from dynamic laboratory testing is
of the form

Mg =k, 0" I6))

where k; and ky are laboratory-derived regres-~



Figure 5. Kq-factor versus measured surface deflection for thumper data points
only.
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sion constants and 6 represents the first stress
invariant (bulk stress). In this study, the com-
puted surface deflections were made to equate to the
measured values (Ry = 1). The resulting equation
used in this approach was

Mg = Kk, 6*2 o)

where K; is an empirical adjustment factor.

In the iterative procedure of the modified pro-
gram, the combined coefficient Kjk; is entered
into the program and changed repeatedly until the
center deflections match those measured in the field.

A plot of the calculated Kj-values at a deflec-
tion ratio equal to one (Rgq = 1) versus the de-
flections measured by using Thumper is shown in Fig-
ure 5. Although there is scatter in the data, a
trend of decreasing K; with increasing surface de-
flection is clearly visible for each load magni-
tude. As before, the Kj-factor versus deflection
data was made normal to eliminate the variables of
load and surface contact and this is plotted in Fig-
ure 6 along with the results of the previous D'Amato
and Witczak study. BAgain, the scatter is more pro-
nounced with the I-695 road-rater data. The addi-
tional data from Winchendon continue to appear iso-
lated when compared with the other data. However,
if ‘the US-1 and MD-97 data are revised to incorpo-
rate a reduced surface modulus 2as described previ-
ously, the entire data set may provide a good corre-
lation. With a lower asphalt surface modulus, the
Kj-factor necessary to obtain the same field-
measured deflection would increase, which would
cause all data points to tend to coincide along a
unique relationship. Although this hypothesis is
speculative, certain problems are unavoidable in the
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Figure 6. Kq-factor versus normal measured deflection.
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use of original material properties to model pave-
ment responses with elastic layer theory when the
existing surface is severely cracked.

Effective Base Modulus

The final iteration of the computer program analysis
provided the final modulus for each sublayer at a
deflection ratio of one (Ry =1). The resulting
moduli represent the effective response of the lower
layers. These lower moduli of the sublayers were
averaged together into one composite granular base
modulus (Eg) and one composite subgrade modulus.

In Figure 7, the average granular base modulus
was plotted against the measured deflection. The
trend of increasing base modulus with decreasing
surface deflection is intuitively correct; however,
a lot of scatter is shown in these data. This scat-
ter is expected because the surface deflection can
result from varying amounts of displacement in the
other layers as well. Again, definitive bands of
data for each load magnitude demonstrate the linear
elastic behavior of the material. These individual
bands were blended together by using the same nor-
malization process described earlier. A plot of
these data along with the additional Winchendon data
is shown in Figure 8. This extreme range of effec-
tive material moduli presented in Figure 8, for even
the same pavement section, is not just an indication
of the need to incorporate stress-dependent ef-
fects., It illustrates the necessity for further ex-
amination of the in situ characterization of granu-
lar material.

Once again, the Winchendon data plot above the
data from US-1 and MD-97 in the lower portion of the
figure.. As before, if the cracking in the surface
of these pavements was considered, by reducing the

w4 ~ ard e - - d =T - - s f Roey -
moduli of the existing material, the effective base
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Figure 7. Average effective granular base modulus versus measured surface
deflection,
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modulus necessary to produce the same deflection
would certainly increase.

Associated Shear Strain

The modulus of granular material is a function of
density, gradation, degree of saturation, angularity
of the particles, and stress state (l3). As such,
duplication in the laboratory of the actual particle
structure that exists in the field is impossible.
Recent studies, directed toward development of bet-
ter understanding of soil response under dynamic
loading conditions, have indicated that the shear
modulus (G} of a granular soil is dependent on both
the level of shear strain and stress state. Ideal
relationships have been developed that show that the
shear modulus of a granular soil decreases with in-
creasing shear strain (12), as shown in Figure 9,
according to the equation:

G = 1000K,(0,")** 3)

In this expression the Ky-value has been related
to magnitude of the shear strain.

This equation is similar to the modified resili-
ent modulus equation (Equation 2) if the elastic
modulus (E) is substituted into the equation along
with a typical Poisson ratio:

E = 2800K;(0,,")** @)

By using the Chevron N-layer program to compute
the principal strains at the middle of the adjusted
granular base layer beneath the center of loading
and the following Mohr circle of strain relation-
ship, D'Amato and Witczak examined the hypothesis (§)

Figure 8. Base modulus versus normal measured deflection.
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Figure 9. Shear modulus of granular soil related to shear strain.
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where €3 and e5 are the principal strains.
They found separate linear relationships for the
road-rater and Benkelman beam data. The effect of
shear strain also appeared to diminish when the
strain was large and the slope of the Benkelman beam
data was considerably flatter. This corresponded



conceptually with the change in slope of the ideal
curves of Figure 9 (12).

The shear strain hypothesis was extended further
by including the data determined from measurements
of Thumper deflection. Plots of all the data for
the three devices revealed a unique family of curves
for each pavement section, depending on the magni-
tude of test load, as shown in Figures 10-12. These
plots show that the K;-factor appears to be a
function of pavement structure, test load, and de-
veloped shear strain. The shear strain developed in
the I-695 section was relatively low, as expected in
a very stiff pavement that produced higher values
for Kj. In the US-1 section, the induced shear
strain was much higher. This is not only a result
of a thinner cross section, but, the high strain in
the granular layer is probably a consequence of a
severely cracked surface course, which was not dis-
tributing the load. The MD-97 section, which is
even thinner, falls in between the other two pave-
ments with respect to shear strain and Kj-values.
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The San Diego road test data, plotted on Figure 10,
had the highest shear strains and unusually high
Ky-factors for these corresponding strains; this
is partly explained by the heavy [9000-lb (40-kN)]
load, applied through a flexible tire to very thin
test sections.

Unfortunately, shear strain data for the
Winchendon test sections are not available at this
time. For all the sections analyzed, one general
characteristic could be found: The deflection in-
creased naturally with load and, consequently, the
maximum shear strain also increased.

The in situ modulus of the granular layer [desig-
nated as Ky x Mp (laboratory)] can vary signifi-
cantly from the original laboratory resilient modu-
lus as shown in the figures. This variation may be
caused by differences in the shear strain, which is
mobilized under the triaxial simulation devices,
from that induced in the field. Slight differences
in shear strain may mean large differences between
the two moduli (Kj), especially when measured de-

Figure 10. Kq-factor versus maximum shear strain for T LR LD K | b LI L L (1 | ' LI L B
US-1 and San Diego data.
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Figure 12, Kq-factor versus maximum shear strain for 50 T T
MD-97 data.
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flections or shear strains are relatively low.
Granular materials, when recompacted in the labora-
tory to field density and moisture conditions, will
probably not construct the same fabric or particle
structure that exists 1in the pavement. Since the
modulus of this layer is affected by so many varia-
bles, the values determined in the laboratory may
not be completely accurate.

The amount of shear strain development in the
granular layer, which apparently influences the mag-
nitude of adjustment (K;) required for the labora-
tory modulus, is naturally dependent on the struc-
tural characteristics of each particular pavement
section. Close examination of Figures 10-12 shows
that the shape of the curves are the same; however,
each set of curves, for each pavement, appears to be
shifted along the horizontal shear-strain axis.
This idea is better illustrated in Figure 13; all
the data have been normalized, as before, for test
load and contact surface, and are shown in one

10 100 1000

Normalized Maximum Shear Strain, Ymax 2 (x10'3) (urad-in./1b.)
1in=254mm, 11b=4.45N P

plot. Here, four separate curves can be distin-
guished for the four different pavement sections
that were used to produce the data. Again, the
curvilinear trend of decreasing K; with increasing
shear strain is shown; however, in this figure, a
convergence of the curves at the high shear strains
is clearly presented. This convergence closely re-
sembles that shown in Figure 9, developed from the
dynamic studies. Similarly, at the low end of the
shear-strain scale, the curves are expected to flat-
ten out when the deflections and shear strain become
very small, although no data exist to verify such an
extrapolation.

The separation of the data according to pavement
structure can be partly compensated by accounting
for the thickness of the granular base layer. When
a load is imposed on the pavement surface, the shear
strain will obviously vary with depth regardless of
the type of material. 1In this study, the average
depth of the granular layer or the approximate mid-



Figure 14. Kq-factor versus normal maximum shear strain times average base
depth.
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point of the granular layer was simply figured into
the normalized expression of maximum shear strain,
as shown in Figure. 14.

The spread of the data is greatly reduced; how-
ever, the scatter is still rather extensive, espe-
cially for logarithmic scales. This scatter has a
clearly defined basis in the fact that the points
blend from an extremely stiff pavement to a rela-
tively weak pavement in going from left to right
(outside to inside) across the band of data. For
example, at a K; equal to 6, the normalized shear-
strain expression is 1100, 1800, and 3300 for sec-
tions I-695, MD-97, and the San Diego test road,
respectively. The stronger pavement naturally expe-
riences the lesser shear strain. This grading as-
pect holds true at every level of K;. From this
analysis, there appears to be some basis for the
K; modification of the granular layer modulus and
this basis seems to be connected to the shear strain
mobilized in this layer.

PROCEDURE FOR ESTIMATING SUBGRADE MODULUS

The most-important potential for testing pavement
deflection is the possibility of evaluating the mod-
ulus of the subgrade without having to drill cores
and take samples back to the laboratory. Subgrade
response 1s extremely varlable in the field and
poses the most problems when designing the proper
thickness of pavement overlay. This section pre-
sents a tentative procedure for obtaining an approx-
imation of the subgrade modulus by using elastic
layer theory and one of the relationships developed
in this study.

The procedure is based on the premise that accu-
rate information is available on the materials that
were used in the construction of the upper layers of
the existing pavement. The moduli of the asphalt
surface layers are assumed to be known or obtainable
from laboratory mix testing results. In addition,
it is presumed@ that the coefficients of resilient
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modulus testing, performed on the base course mate-
rials, are accessible or can be approximated from
experience.

Initially, the procedure requires the average
field-measured deflection response (Ay) at the
center of the applied test load. For these measure-
ments, the temperature, test frequency, magnitude of
the load, and time of day should be recorded. The
asphalt surfacing moduli are adjusted for field con-
ditions as a function of the test temperature and
frequency.

In addition to deflection, the method employs the
relationship shown in Figure 6. In the absence of
further research regarding the effect of surface
cracking on the US-1 and MD-97 data, a relationship
closer to that found in the Winchendon data may be
more accurate for preliminary use. The solution for
subgrade modulus involves the following steps:

l. Compute the normalized deflection
{ama/P(x10-°)1,

2. Determine the Kj-adjustment factor by using
Figure 6,

3. Use elastic layered theory and the modified
resilient modulus relationship for the granular ma-

terial (Klklekz) to calculate the predicted deflec-
tion (Ap), and

4. Repeat this solution of Ap for various
assumed subgrade modulus values until Ap = Ay.

Although the solution is based on purely empiri-
cal relationships, evidence is substantial that a
rational explanation exists in the behavior of gran-
ular material. As discussed previously, the charac-
terization of this material in the laboratory by
using remolded specimens is highly questionable. In
Figure 13, the curves that relate the computed maxi-
mum shear strain to the adjustment factor (Kp)
necessary for matching deflections suggest that dif-
ferences in shear strain development between labora-
tory and field situations are responsible.

CONCLUS IONS

In summary, the results presented in this report are
preliminary because the data base is limited to only
a few different pavement sections. However, based
on the results obtained, we can unequivocably state
that the type of device used in making the deflec-
tion measurements is independent from the relation-
ships described. Further investigation is necessary
to substantiate these findings with data obtained
from other flexible pavement sections. The follow-
ing is a list of conclusions reached as a result of
this study:

l. The major factor that contributes to the dis-
crepancy between measured and theoretically pre-
dicted surface deflections (from a layered-elastic
program) lies in the current procedure for charac-
terizing the resilient modulus (Mg) of granular
materials in the laboratory.

2. The data produced from this research study
with the FHWA Thumper exhibit complete agreement
with earlier work, which demonstrates that an ad-
justment factor (Kj) must be applied to the value
of the laboratory-resilient modulus in order to ob-
tain equal measured and predicted deflections (by
multilayer-elastic theory): this K; adjustment was
found to vary linearly with surface deflections on a
log-log scale.

3. Evidence is substantial that the in situ ef-
fective modulus (K;Mg) of the granular layer |is
a function not only of the stress state but also the
magnitude of the shear strain induced in that layer
by the surface loading. For low 1levels of shear
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strain, the effective in situ modulus is much larger
than at higher levels of shear strain.

4. The amount of shear-strain development in the
granular layer appears to be related to the overall
pavement strength in addition to loading magnitude,
which is intuitively correct.

5. Since shear strain cannot be measured easily
in the field, a provisional procedure was developed
and outlined for estimating the granular base modu-
lus adjustment factor (Kj) directly from field-
measured deflection results by using an empirically
derived relationship from this study.

6. With the bituminous surface and granular base
layers of a conventional asphalt pavement accurately
characterized, elastic-layered theory can be used to
compute the subgrade modulus by matching surface de-
flections.

From the results of this study, the possibility
of the behavior of granular material being related
to mobilized shear strain seems entirely plausible.
We recommend that this connection be further inves-
tigated over a broader range of pavement sections to
incorporate different material types and climate
conditions. In recognition of all the possible
sources of error that could enter into the produc-
tion of the data used in this study (e.g., field de-
flection measurement, laboratory material testing,
mathematical manipulation, and existing natural var-
iation), the amount of scatter exhibited in the re-
lationships involving the proposed adjustment factor
is simply too small to forego additional exploration.
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for Soil that Exhibits

for nearly 3900 separate layered pavement problems. By using the results ob-
tained, multiple regression techniques were used to determins predictive equa-
tions for the equivalent subgrade modulus valuss as a function of the nonlinear
subgrade and layered pavement properties. Use of partial model regressions
techniques allowed predictive equations to be obtained that had correlation co-
efficients in excess of 0.95 and residual errors less than 10 percent. Both ana-
lytical and nomographic solutions are pr dtod rate the simplicity

of the approach. It was found that values of deflection-based equivalent mod-
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ulus are larger than or equal to values of strain-derived modulus for a given set
of load, pavement, and nonlinear subgrade properties. Although the vertical
subgrade-strain-derived subgrade moduli are generally independent of the in-
corporation of overburden stresses, equivalent subgrade moduli based on de-
flection criteria, without overburden considered, were almost always larger
than equivalent deflection based moduli developed with overburden incorpo-
rated into the analysis.

Until recently, the moduli of wunbound flexible
pavement layer materials have been treated as
parameters of constant magnitude. However, recent
research in dynamic materials characterization has
indicated that many pavement materials are stress
dependent. Due to the importance of the subgrade
modulus in the overall performance of the flexible
pavement, the most accurate assessment of modulus is
essential to the successful design of a pavement
system. Such assessment is also required in calcu-
lation of any stress, strain, or deflection in the
pavement system.

Several mathematical forms have been suggested by
researchers to model the nonlinear behavior of
fine-grained subgrade soil. One such useful, but
simple, model is

M, =K, (04)*? (€Y

where

M. = resilient modulus,
Ky and K, = constants dependent on material
type and physical soil properties, and
deviator stress.

94

This relation is illustrated in Figure 1 for two
different soils that show marked differences in
nonlinear behavior. The most important aspect
illustrated in Figure 1 is that, since the deviator
stress varies with depth in the subgrade, the modu-
lus must likewise change with depth. Clearly, the
magnitude of this change is most significantly
affected by changes in the slope or Kj-value.
This parameter indicates, to a large degree, the
nonlinearity of a given material.

STUDY CBJECTIVE

The general purpose of this research was to develop
a simple and accurate method of evaluating a single
(one-layer) modulus value for the entire subgrade
layer that would yield identical values of selected
critical parameters to those found by wusing an
iterative multilayer systems approach to account for
the nonlinear behavior. The critical parameters
selected for this study were the vertical strain
(¢) and deflection (§) at the top of the sub-
grade layer. Both of these parameters are perfor-
mance indicators of the pavement system. The two
resulting moduli will be referred to as the equiva-
lent strain [E(e)] and equivalent deflection
moduli [E(§)], respectively.

This study follows a similar research effort by
Smith (1) on the stress-dependent modulus of granu-
lar base material. However, there are few, if any,
studies on the stress-dependent solutions for the
subgrade modulus value. The closest technique is
the one developed by Treybig and others (2). How-
ever, this method is only applicable for overlay
analysis. Furthermore, the method mentioned only
accounts for adjustments in the state of stress at
the top of subgrade layer, and, therefore, the
change with depth of these parameters is neglected.

In a layered pavement system, there are three
major parameter groups thdat affect the deviator
stress in the subgrade, and hence the variation of
moduli within this layer. They are as follows:
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1. Nonlinear subgrade properties (K; and Kj),

2. Pavement layer properties (E;, hj, and
uij), and

3. Vehicle load properties (P, p, and spacing).

Study on Values of K, and K,

In order to arrive at typical values for K; and
Ky, available test data in the literature were
used. Three sets of data were used in this study:
the results of the San Diego County Test Road (3),
the results of a subgrade study by the 1Illinois
Department of Transportation (4-6), and the data
from a study conducted for the Maryland State High-
way Administration (7). Altogether, 137 sets of
nonlinear moduli results were analyzed.

Through linear regression techniques, values of
K1 and K; were determined for each set of data.
A summary of these values is shown in Table 1. This
table shows that the majority of K; values fall
between 0 and 200 kips/in?, and K, ranges from 0
to -1.0.

The above study also afforded some insight into
the effect of soil parameters on K; and K,
values. Although very general, the important find-
ings of this study were as follows:

1. Ky increases and K; decreases as the dry

density increases or the moisture content decreases;

2. The value of K; is directly proportional to
the liquid limit and plasticity index, but inversely
proportional to the plastic limit; K, is rela-
tively insensitive to the Atterberg limits; and

3. Ky and Ky are relatively independent of
each other.

Arrangement of Factorial Matrix

In order to relate the equivalent subgrade modulus
values to other pavement system parameters, a fac-
torial study was conducted. A selected number of
each parameter was chosen to encompass the whole
range of values of such parameters encountered in

design. Use was made of available data concerning
the ranges of each variable, as well as the
K1j-K5 study mentioned above. Thickness values

for the asphalt and base layers (h; and h,) were
selected from an examination of typical highway
pavement sections encountered in practice. The load
used in this study was a 9-kip single wheel load and
a tire pressure of 70 1lbf/in? to approximately
model the effects of an 18-kip single-axle load.
Because of this load selection, the results of this
study are considered applicable only for typical
highway pavements. Table 2 illustrates the values
of each variable used in the factorial study. As
observed, a matrix of 972 combinations was evaluated.

METHOD ANALYSIS

Equivalent Moduli

As mentioned earlier, determination of a stress-de-
pendent subgrade modulus value with elastic layered
theory involves an iterative procedure. In this
study the subgrade was subdivided into four 12-in
sublayers and a semi-infinite lower layer. The
values of the deviator stress at the top of each
sublayer were calculated by the Chevron N-layer
computer program (8). The predicted values of
0g found were then substituted in Equation 1 and
a new value was calculated for each sublayer modu-
lus. This new value of the sublayer modulus was
then compared with the original value and the itera-
tion procedure continued until a difference of 15
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Figure 1. Typical nonlinear modulus results for subgrade v
soils.
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Table 1. Summary of nonlinear soil parameters.

od - Deviator Stress (kPa)

San Diego Study Illinois Study

Maryland Study

Parameter K, K, K, K, K, K,
Mean 60.6 kipsf/in®  -0.37 16.5 kips/in®>  -0.42 47.7 kips/in? -0.51
SD 89.3 kipsfin®*  0.264 8.3 kips/in? 0.156 37.8 kips/in? 0.290
Coefficient of variance 147 71 51 37 79 51

(%)
Range 5.0to 684 -1.17 to 3.0 to 34.0 -0.74 to 8.0to 125.0 -1.13 to

kips/in? 3.93 kips/in? -0.17 kips/in? -0.04

Total no. of samples 79 39 19
No. of samples that have 76* 39b 19®

K, between 0 and 200

kips/in2
No. of samples that have 75° 39° 184

K, between 0 and -1.0

:This represents 96.2 percent of the samples.
This represents 100 percent of the samples.

percent occurred between the two values. Because of
the large size of the factorial matrix analyzed, we
modified the Chevron N-layer program to perform this
iterative sequence internally.

After the stress-dependent sublayer moduli were
found, the multilayer pavement system was reduced to
a three-layer system. This three-layer system had
the same top two layers as did the original multi-
layer pavement but one subgrade layer was added that
had a unique modulus value. The end product of this
analysis was to determine what one-layer subgrade
modulus would yield the same critical parameters as
the stress-dependent sublayer moduli system.

As mentioned before, the two selected parameters
(critical criteria) wused in this study were the
values of vertical strain and deflection at the top
of the base-subgrade interface. These two param=-
eters would, as expected, result in two different
E3z values [E(e) and E(§)]. In addition, the
effects of both ignoring and including the pavement
overburden stresses on the Eg values were also
studied. Thus, four separate %eq parameters were
investigated.

This represents 94.9 percent of the samples.
This represents 94.7 percent of the samples.

The procedure used to determine the Eyy value
consisted of examining the effect of subgrade modu-
lus on the desired parameter (¢ or §) for a
particular three-layer pavement system. As it
turned out, these relations were virtually linear on
a log-log scale. The value of the equivalent sub-
grade modulus was then determined as that modulus
yielding the same strain (or deflection) as that
found from the multilayer stress-dependent iteration
study. Figure 2 depicts one such solution for the
Eeq(e) and Eeq(s) value. Although the
fidure denotes a graphical solution, the above steps
in the equivalent subgrade study were computerized
to save time and increase the accuracy of the solu-
tion.

Statistical Data Analysis

For each combination of pavement and soil parameters
examined g T by, Ep, ho, Eg, K1 and
K;) a unique Eg value for a given critical
criterion was obtained. The next study step was to
examine whether a relation existed between the
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mentioned variables and E.g. The use of multiple
regression techniques was employed to determine the
best model (highest correlation coefficients). In
this phase of the study, 10 different model combina-
tions were analyzed. The best model (highest R?)
form was found to be a total log model. In order to

reduce the number of independent variables in the
prediction equations, the individual thickness and
moduli parameters were combined into one unique

parameter by the concept of equivalent layers. One
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Thus, the new equivalent layer has a modulus (Ej),
Poisson's ratio (vy), and thickness of h, =
hy' 4+ hy. A relative stiffness value for the
equivalent layer was defined as follows:
D=E,h,? )]
where D is termed the equivalent pavement stiffness
value.

Thus, the entire pavement system could now be

such equivalent layer technique is that recommended identified by only three parameters: D, Kj, and
by Palmer and Barber (9). In this method, it is Ky. Further multiple regressions proved that
assumed that the upper layer of thickness (h;), virtually the same predictive values of E, were
modulus (E;), and Poisson's ratio (vq), may be obtained from expressions of the following form:
replaced by an equivalent thickness (hy) of the
base material, with Eg and vy, as follows: fog Eeq = f(log D, log Ky, log K,) “)
v 1/3
by’ =hy [Ey (1 - v, 2)/Ey(1-v1?)] £ ® compared with the use of log hy, log E;, log
hy, and log E, individually. The correlation
coefficients of the predictive models stayed almost
the same with R? values that ranged between 0.906
Table 2. Summary of study parameters. and 0.938. Finally, although not discussed in this
report, the equivalent layer approach developed by
Parameter Value Used Levels Barros (equivalent moduli) (9) was also analyzed and
- X found to yield identical solutions.
Tire load, single wheel 9 kips 2 1
Tire pressure 70 Ibf/in 1 .
Asphalt layer Partial Models
Thickness (h,) 4,8,and 12in 3
Modulus (Ey) 50, 100, 500, and 1000 4 The regression models developed resulted in very
) 11";15?:{‘)3;3 y high correlation coefficients; however, a study of
gfinszgr}),'s(z;t)io(ﬂl) 0.3 it 1 residuals from Equation 4 showed some large numeri-
Granular base layer ’ cal differences between the actual and regression-
Thickness (h,) 4,10, and 16 in 3 predicted Eeq values. In order to overcome this
Modutus (E,) 20, 50, ar%d 80 kips/in? 3 problem, separate predictive models were developed
De,‘mty,('ht), (1)340“’”“ i by holding constant the least~significant parameter
Sﬁzlgsrsglesl;;el:)(ﬂz) 8 (i.e., the variable that had the smallest correla-
Thickness Semi-infinite 1 tion value). This parameter turned out to be Kj.
g, 10, 50, and 200 kips/in® 3 The results were improved correlations and lower
K, -0.1,-0.3, and -1.0 3 residuals. The models were of the general form:
Density (v3) 110 Ih/it? 1
Poisson’s ratio (u3) 0.45 1 log E,, or log E, = f(log D, log K;) )
Note: Total matrix size is 972 combinations. where K2 is a constant.
Figure 2. Determination of Eqq{5) and T LS O O A B | T T 2 | T ¥
Eqaqle) for specific problem input. 5 eq(G) = 234}.5 MPa 4.0
N .
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Table 3. Summary of regression models.

13

Total Model (K, included)
10g Egq(or o) = Ao + Ay log D+ A log Ky + Ag log IK, |

Partial Model (K, = constant)
log Eeq(or 0) = Bo + By log D + B; log K;

Equation A Ay A, Ay R? K, By B, B, R?
Eeq(8) -1.3262 +0.2011 +0.8316 -0.3211 0.9350 -0.1 -0.4986 +0.0592 +0.9823 0.9971
-0.3 -1.0069 -0.1543 +0.8965 0.9967
-1.0 -1.9840 +0.3897 +0.6160 0.9941
E, (5) -0.9897 +0.1029 +0.9012 -0.5035 0.9723 -0.1 -0.3944 +0.0373 +0.9955 0.9977
-0.3 -0.7043 +0.0887 +0.9389 0.9974
-1.0 -1.1036 +0.1827 +0,7692 0.9853
Eeql€) -1.3058 +0.1563 +0.8224 -0.6111 0.9074 -0.1 -0.9361 +0.0464 +1.0708 0.9841
-0.3 -1.1224 +0.1373 +0.9026 0.9794
-1.0 -0.9284 +0.2852 +0.4937 0.9702
Eq(€) ~1,2189 +0.1372 +0.8437 -0.5955 0.9129 -0.1 -0.9447 +0.0423 +1.0816 0.9842
-0.3 -1.0862 +0.1213 +0.9267 0.9779
-1.0 -0.7188 +0.2479 +0.5229 0.9592

DEVELOPMENT OF PREDICTIVE MODELS

Table 3 summarizes the regression models developed
for prediction of Eg (without overburden) or E,
{(with overburden). Both total and partial regres-
sion equations for Eeq(e) and Eeq(s) param-
eters, with and without™ overburden &stress, are
shown. An examination of the tabulated R? values
in the table clearly supports the accuracy of all
model combinations--the lowest R2? value found was
0.9074.

The increase in accuracy provided by using the
partial models (k; = constant) can be observed to
yield regression equations that have R? values of
0.96-0.99. A study of the residual errors between
the total and partial models also dgreatly supports
the partial model approach. The total models re-
sulted in residuals in excess of 100 percent of the
actual values for some cases, and the partial models
reduced the maximum residuals to less than 20 per-
cent; the majority of points were within the 1-10
percent limit.

Example Solution

The mechanics of using any of the models in Table 3
is quite direct. Units for the input values are as
follows:

D in inch-pounds (hg = inches and E; = pounds
per square inch),

K; in pounds per square inch, and

Ky is dimensionless.

The resulting Eeq value 1is then expressed
directly in units of "pounds per square inch. For
example, consider if the E,, value is desired for
the conditions noted below.

For the total model with overburden, equivalent
deflection criteria are as follows:

hy = 4 in, E; = 100 000 1bf/in?, and v; =
0.3;

hy = 8 in, Ep = 40 000 1bf/in?, and v, =
0.4; and

h3 = » and Ea(Mr) = 25 000 a4 Tl

From Table 3, the appropriate A; coefficients
for the total model -Eo(a) are shown. Thus,

Eo(8) =-0.9897 + 0.1029 + log D + 0.9012 log K; - 0.5035 log | K, |
hy =hy [Eq(1-v2)E,(1-v, )] /3

= 4[(100 000/40 000) (1 - 0.16)/(1 - 0.09)] /3 = 5.29 in
he=h} +h, =5.29+8=13.29 in

D =E,h, 3 =40 000(13.29)% =9.38x107 in - Ib
for

D=9.38x107,K, =25 000, and K, = -0.4
log Eo(8) = -0.9897 + 0.8203 + 3.9634 + 0.2004 = 3.9944
Eo(5) = 9872 Ibf/in?

Nomographic Solutions

The simplicity afforded by nomographic solutions in
practical analysis problems is appealing.
Moossazadeh (10), presents nomographs (and their
specifications for construction) for solutions of D
as well as all 16 equations shown in Table 3. Fig-
ures 3 and 4 are solutions for the total model equa-
tions, with and without overburden effects con-
sidered for both deflection and strain-based equiva-
lent modulus. If the more accurate partial model
solutions are desired, refer to Moossazadeh (10).
The use of the partial model equations or nomographs
requires that an interpolation procedure be employed
for the actual 1Kyl value of the subgrade
soil. The accuracy of the nomograph can be easily
verified with the example problem previously pre-
sented.

DISCUSSION OF RESULTS

Effect of Parameters

An examination of the equations in Table 3 indicates
that the value of Egq is directly dependent on all
pertinent parameters. These parameters, in order of
importance, were K;, X3, hy;, Ej, and hj.
The value of E,, was almost independent of E,.
The results confirm the logic that, as the value of
hi, hy, Ej, or E; increases (an increase in
D), the pavement system approaches the condition of
a rigid slab, which in turn, results in a decrease
of 0ggq due to the external loads within the sub-
grade layer. This decrease, in turn, results in an
increase in Egq4.

The value of Ky, however, had the strongest
effect on E,,. In almost all cases, the variation
in Ky contrfguted to more than 80 percent of the
variation in Eeq' as measured by the correlation
coefficient.

Comparison of Equivalent Subgrade Modulus Types

The values of Eeq(e) versus Eeq(s) are
presented in Figure 5. As seen, all wvalues of
Egq(8) are larger than or equal to the corres-
ponding values of Eeq(e). The influence of
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Figure 3. Nomographs for Eqq(6) and Egq {e) without overburden for total Figure 4. Nomographs for E, (5) and E, (€} with overburden for total model.
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Figure 6. Comparison of equivalent one-layer subgrade modulus with and without overburden.
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K;-K, combinations are reflected by the banding value used by the two methods is quite small.
e%fect on the plot. Notice that, in general, there Therefore, the values of Ej(e), which are
is close agreement between the two types of equiva- heavily influenced by the state of the top layers,
lent modulus for small values of K; and Ky, stay close to each other.
However, as the absolute values of K; and K, At deep locations in the subgrade the inclusion
increase, the difference between the two groups of the overburden stress causes the deviator stress
becomes larger. This can be explained by recog- not to vary as much. This, in turn, prevents the
nizing that, for small values of Ky and subgrade modulus from increasing as rapidly. This
1K51, the subgrade modulus is less sensitive fact causes the Eg(§) value, which is a function

to changes in deviator stress (more linear) and thus

does not vary greatly with depth. On the other
hand, 1large combinations of K; and (Kj! are
indicative of highly sensitive (nonlinear) subgrade
modulus.

The value of the vertical strain at the top of
the subgrade is highly sensitive to the value of the
subgrade modulus near the top (first sublayer) and
not so much on the subsequent sublayers. However,
subgrade deflection is a function of the moduli of

the total subgrade layer. Thus, the value of Eeq
(8) will generally always be larger than E,
(e), especially when the subgrade is highly non-
linear.

Effect of Overburden Stress

As previously noted, equivalent subgrades were
analyzed under two sets of assumed deviator stress
conditions (with and without overburden stresses).
Obviously, the effect of including overburden re-
sulted in changes in regression coefficients as
shown in Table 3. However, all of the relative
comparisons and results of the Egqy models ({without
overburden) were identical to those of the Ej
models (with overburden). For example, the K;
factor had the highest influence and E; the least
on the regression; partial regression models greatly
decreased the residual error; and the deflection-
based equivalent subgrade modulus [Eq(6)] was
always greater than the strain-based modulus
[Egle)].

Figure 6 shows the comparison between equivalent

modulus for models with and without overburden
considered. A comparison of and corresponding
E, values showed that B,,(§) 'was always larger
than or equal to E, (%) . The values of
Eeq(c) and E,(e), on the other hand, were

virtually equal all the time. The reason is that,
at shallow depths, the value of overburden stress is
small enough so that the difference in the o4

of the total subgrade layer, to be smaller than

Eeq(s).
RECOMMENDATIONS FOR IMPLEMENTATION
Based on the previous discussion, general recommen-
dations regarding the type model to use (§ or e,
with or without overburden) can be made. One of the
more important implications of this study is that
the subgrade moduli may be a function of its in-
tended use. If the analysis is to be used in design
situations with limiting subgrade strain as a dis-
tress criteria, the equivalent strain model should
be used. However, if the models are to be used with
in situ deflection tests (e.g., nondestructive
testing) to determine in situ subgrade response, the
deflection-based model should be used. This appears
to be critical, especially if highly nonlinear soils
are anticipated (large 1Kj31).

In either case, the most probable and realistic
estimate of modulus can be obtained with the over-
burden effect included. Recall that, for the equiv-

alent strain models, the Ey(e) was approximately
equal to the Egqle), and the E,(§) was less
than the Eeq(s) for the equivalent deflection
model. Thus, inclusion of the overburden effect

will result in either equivalent moduli or values
slightly conservative for practice regardless of the
criterion selected.

SUMMARY

This study has presented a highly accurate and
simple technique to determine the equivalent sub-
grade moduli for soils that exhibit nonlinear dy-
namic behavior. There are several major advantages
to this approach.

The solution technique offers the potential for a
significant savings in time and cost by not having
to conduct detailed iterative nonlinear elastic
layered computerized solutions. The solution also
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provides a basis for quick determination of single
subgrade modulus values for nonlinear soils for use
in pavement design charts such as found in the Shell
0il, the Asphalt Institute, or even American Associ-
ation of State Highway and Transportation Officials
(AASHTO) design schemes. The results of this study
can also be used to evaluate the influence of vari-
ous layer pavement parameters (h; and E;) on the
equivalent subgrade modulus.

This study on nonlinear subgrade soils followed
the study concepts used by Smith (1) to predict
equivalent granular base moduli. The results of the
two studies were intended to allow the combination
of their predictive equations to quickly and accu-
rately determine the simultaneous solution of both
unbound granular and subgrade soil nonlinear moduli
problems. Figure 7 shows the results of such a
sample solution by using nonlinear moduli properties
for both the granular base and subgrade from predic-
tive equations developed in this study and Smith's
work (l). WNote that the values shown in the figure
were computed manually for the sample pavement cross
section noted.

Finally, the solution presented allows examina-
tion of the probable levels of the subgrade devia-
toric stress for any given pavement structure. The
technique for this is best illustrated by referring
to the example problem previously worked. For a
Ky = 25000 and K, = =0.4, the E,(8) was
found to be 9872 1bf/in?. Because

M, =E, (6) = Ky04"? 0

the deviator stress (og) can be easily computed
to be 04 = 10.2 1bf/in2.

h1 (A.C. Surface Thickness) - inches
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Analysis of Pavements with Granular Bases

S.F. BROWN AND J.W. PAPPIN

The nonlinear stress-strain response of unbound granular materials has to be
modeled satisf ily when numerical analysis is used for pavement struc-
tures that contain significant quantities of such material. The simple model,
which has been used widely for the purpose of relating resilient modulus to
the sum of the principal stresses, has serious limitations. This is because the
triaxial tests used in its development do not cover an adequate range of stress
paths when compared with the situation in the pavement. A more complex
and accurate model is described that has been developed from extensive labo-
ratory repeated load testing. It is expressed in terms of shear and volumetric
stress-strain relationships. The need for better modeling of cohesive soils for
analysis is also discussed and the importance of the principle of effective stress
is emphasized. A new finite-element program is described and its main features
are explained. It uses a secant modulus approach, has been specifically devel-
oped to deal with nonlinear materials, and is called SENOL for secant mod-
ulus nonlinear. The use of the new granular material models for the three-
dimensional stress system in a pavement is discussed and results from analyses
with SENOL are compared with in situ measurements from a test pavement.

Most of the development work concerned with the use
of theoretical analysis in flexible pavement design
has concentrated on accurate modeling of the asphalt
layer. Simplifying assumptions are often made con-
cerning the mechanical properties of the unbound
granular layer and the subgrade soil. This situa-
tion is a reflection of the relative states of
knowledge concerning the various materials together
with a need to produce design methods that are not
unduly complex.

The existence of nonlinear stress~strain charac-
teristics for granular materials and soils has been
well known for many years, and numerous papers have
reported experimental data, mainly from laboratory
repeated load tests (e.g., 1,2). The increasing use
of finite-element analysis has provided a means of
more accurate modeling of nonlinear materials within
pavement structures, but the full potential of the
method has often not been realized. Recent work at
the University of Illinois (3) represents an im-
provement to the finite-element approach since the
analysis considers failure conditions and has been
used to generate data for use in simplified design
charts (4). However, the nonlinear stress-strain
relations that have been used are not really ade-
quate for analysis of a three-dimensional system,
even an axisymmetric one. The approach reported
here describes a more-detailed method of character-
izing granular materials and discusses the use of
this in a finite-element, secant modulus nonlinear
(SENOL) program, which has been recently developed.

CHARACTERIZATION OF GRANULAR MATERIALS

In general, an element of material in the granular

layer of a pavement is subjected to three principal
stresses: g¢3s o3, and g3, where g3 > 03 > 03 Each
stress consists of two components, a constant value
due to overburden and a transient value due to the
passing wheel load.

Use of the repeated load triaxial test to obtain
data on the resilient characteristics of granular
materials implies that two of the stresses are equal
because of axial symmetry. If, however, the
stresses are expressed in invariant form, this
difficulty can be partly overcome (5).

Most research in this field has involved tests
with a constant confining stress and a deviator
stress applied repeatedly by pneumatic or servohy-
draulic actuators between zero and a peak value.
Various peak values have been used at a range of
confining stresses and a well-established relation-
ship has emerged to relate resilient modulus (M)
to stress level:

K.
M, =K;8 2 1)
in which
Ml' = q.l'/eﬂl' (2)

where q, is a repeated stress given by Oar —

o and ey, is resilient (recoverable) axial
strain.

0 =04 +20.=30¢ + g, 3
where

0ar = Peak axial stress,
g = constant confining stress, and
K; and K, = material constants.

Confusion has often arisen over the use of Equa-
tion 1 because the factor K; is not dimension-
less. Furthermore, distinction is rarely made be-
tween total stress and effective stress. Although
this is of no consequence for dry materials, it is
of fundamental importance when pore water is present.

Figure 1 shows a typical stress path in triaxial
stress space for a test of the type described
above. The parameters used are mean normal effec-
tive stress [p' = (1/3){o," + 205")) and the
deviator stress (q). The tests are assumed to have
been carried out on dry material, so that no pore
pressures are generated and, hence, the path in Fig-
ure 1 represents effective stress.
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Figure 1. Typical stress path for a constant confining stress test.

Failure

slope =3

A

Figure 2. Typical repeated load stress path.

P

o

”

Figure 3. Stress paths applied to test speci at one value of py,’
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Figure 4. Resilient strain contours: (left) normalized shear strain and (right)
volumetric strain,

From the definitions of p' and g it is apparent
that:

pr=oc+(1/3)q @

Hence the stress path in Figure 1 has an intercept
on the p' axis equal to the effective confining
stress and has a slope of 3. Figure 1 also shows
the position of the failure 1line for which q/p'
equals M, a constant. This is related to the angle
of shearing resistance (4') (6) by

M= 6sin¢’/(3 - sin¢’) (5)

Experiments have shown (3) that the expression
for resilient modulus (Equation 1) applies even for
stress paths that approach failure, but most tests
have involved stress paths well short of this condi-
tion so that specimens are not subjected to signifi-
cant permanent strains.

Tests of the type represented in Figure 1 are
restrictive because they do not investigate the in-
fluence of the mean value of deviator stress nor do
they allow any variation in slope of the stress
path. Both of these factors are likely to occur in
the pavement situation and can be reproduced with
triaxial test equipment.

Figure 2 shows a more general stress path that
requires facilities to cycle the confining stress
and operate from a nonzero minimum stress. The path
is defined by the mean and peak to peak values of p'
and q (i.e., Pp's gy and p,'; g, respec-
tively).

Servohydraulic equipment to apply these general
stress paths has been developed at Nottingham in
recent years (7,8) and used to investigate the be-
havior of crushed limestone. In these tests, large
numbers of stress paths were applied both in tri-
axial compression and extension (negative deviator
stress), as shown in Figure 3 for one value of
Pm'- Results for well-graded material have been
presented by Pappin and Brown (9) and for uniformly
graded specimens by Shaw and Brown (10). A general
pattern of behavior has emerged both from these
tests and from similar ones conducted by Mayhew at
the Transport and Road Research Laboratory.

Figure 4 shows the way in which the compression
results were expressed in terms of contours of re-
silient shear strain (e,) (Figure 4, 1left) and
volumetric strain (v,) (Figure 4, right),

€ =(2/3)(€ar - €rr) (6)
and
Ve = € T 26 @)

where e,, is the resilient radial strain.
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For a particular material, Figure 4 (right) can
be used directly to determine the resilient volu-
metric strain for a stress path simply by subtract-
ing the contour value for one end of the path from
that at the other. The contour values vy, are
given by an equation of the form:

Vie = (p7A)™ [1 ~B(a/p")"] ®

where A, B, m, and n are material constants and p'
and g are the coordinates of the stress point con-
cerned.

For shear strain, the situation is slightly more
complicated because the results were dependent on
the stress path (9). In practice, this meant that
the resilient shear strain not only depended on the
end points of the stress path but also on its
length. The pattern of contours shown in Figure 4
(left) is for normalized values of shear strain
(eyp)i a correction was introduced to allow for
the path length [see Pappin and Brown (9)1.

The contour value is given by an equation of the
form:

€n =Cq/(p”+ D) ©)

where C and D are material constants and D is the
negative value of p' through which all the contours
pass. The actual resilient strain for a stress path
between the points (py',qg;) and (p2'.g3) is
calculated from:

& =C{[q1/(p1"+ D)] - [Q2/(p;"+ D)1} Qu/pPm’) (10)

where %, is path length equals /p'r’ + qrz and r is a
material constant.

Values of the various constants for two gradings
of crushed limestone are given in Table 1.

Pappin (11) performed some drained and undrained
tests on saturated specimens of well-graded crushed
limestone. He showed that the model established for
dry material was applicable provided that effective
stresses were used. Tests on partially saturated
specimens, which required estimates to be made of
the negative pore pressures, confirmed this conclu-
sion as did the data of Smith and Nair (12).

This approach to the characterization of resil-
ient behavior for granular materials is more flexi-
ble and potentially more accurate, though more com-
plex, than the frequently used combination of
Equation 1 for stress-dependent resilient modulus
and a constant Poisson's ratio of, typically, 0.3.

In pavement analysis, a wide range of stress
paths is encountered and, hence, the simple model
does not provide a satisfactory basis for computa-
tions. Similarly, the full model, which was only
developed for axisymmetric triaxial stress condi-
tions, may be inapplicable to the general three-
dimensional system that occurs in a pavement layer
under wheel 1loading. The results from triaxial
tests carried out in extension provided a basis for
dealing with the general case.

Figure 5 shows a view down the space diagonal
{01' = 02' = 03") in a plot that has
orthogonal axes for the three principal stresses.
All triaxial tests take place on the vertical line
Feo—-0-F;, with compression tests above =zero and
extension tests below. The resilient-response model
was developed for stress paths such as AB in Figure
5. The extension tests (9) showed that a path A'B'
could be defined that gave the same resilient
strains. The relationship between these correspond-
ing points was based on the Mohr-Coulomb failure
criterion, which states that:

0y"/04” = constant 1D
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For a particular value of p', corresponding failure
values of g can be obtained in both compression and
extension, shown in Figure 5 as Fs and F., re-
spectively. The same procedure was used to relate
stress conditions below failure in compression and
extension.

Since the three principal stress axes are inter-
changeable, all the arguments concerning the verti-
cal line on Figure 5 can be equally applied to the
other principal axes. This results in the familiar
hexagonal shape for the Mohr-Coulomb failure surface
in this view. It also means that points that corre-
spond to A and B can be identified, as shown, on the
corners of similar hexagons. A general three-
dimensional stress path such as XY, for instance,
can be related back to points in the compression
region such as AB and appropriate resilient strains
can be predicted by using the material model.

Typical data for both the simple and the new
model are given in Table 1 for two gradings of a
crushed limestone.

CHARACTERIZATION OF COHESIVE SOILS

A simple nonlinear model, analogous to that for
granular materials, has been used for fine-grained
soils. It is based on tests similar to that illus-
trated by the stress path in Figure 1, except that
the tests were generally carried out undrained, the
materials were usually partly saturated, and hence
the pore pressure was not known so that only the
total stress path was defined. However, it has be-
come clear from tests on both saturated and partly
saturated soils (13) that it is the initial effec-
tive stress that influences resilient characteris-
tics (i.e., og' in Figure 1). This stress is
the one to which elements of soil are subjected
prior to the application of wheel loading. The mag-

Table 1. Material constants for different gradings of crushed limestone.

Continuous

3-mm Uniform Grading 40-mm

Item Constant Grading Maximum Size
Volumetric strain A(kPa) 12.3 billion 1.9 trillion
B 0.033 0.08
m 0.5 0.33
n 3.5 2.0
Shear strain (& 0.000 55 0.000 24
D(kPa) 130 13
I 0.45 0.4
Simple model K,° 19 454 8634
K,? 0.5 0.69

8Use of these values in Equation 1 gives My in kilopascals.

Figure 5. View down the space diagonal in three-dimensional stress space.
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nitude of this stress depends on the position of the
water table and the depth of the element. For deep
water tables, high suctions will develop and the
magnitude of suction may be taken as equal to the
effective stress. Dehlen (l14) and others (e.g., 15)
have shown that resilient modulus is related to soil
suction. For high water tables, it is possible to
estimate the negative pore pressure and hence effec-
tive stress in the held water zone. Several workers
have noted (2,15) that confining stress has little
influence on the resilient modulus of cohesive
soils. This results from tests where the soil suc-
tion is high in relation to the range of confining
stresses and hence the effective stress, which con-
trols the behavior, is relatively unaffected. Tests
with saturated soils by using a range of stress his-
tories, and hence initial effective stresses, have
illustrated this point (16).

The simple models for cohesive soils relate re-
gsilient modulus, as defined by Equation 2, to re-
peated deviator stress, which shows a stress-
softening effect. A more-detailed model that shows
subsequent stiffening at higher deviator stressés
has been developed at the University of Illinois
(17).

The relation developed at Nottingham takes the
form:

Wi ff 1S (an
12)

where po' 1is initial effective stress,
oc's and K and s are material constants.

Since all triaxial tests to date have pulsed q
from zero to a peak, it is not clear whether the
deviator-stress parameter in Equation 12 should be
9max ©f dy (i.e., the peak value or the repeated
value). Brown (13) has demonstrated that the basic
relation of Equation 12 seems to apply to a range of
soils and moisture conditions but that further test-
ing is needed to properly establish it.

equals

SENOL PROGRAM

A new finite-element program named SENOL has been
developed specifically to analyze pavements made of
nonlinear materials, though it has a range of other
capabilities. A detalled description of the program
is available elsewhere (18) and it is only necessary
to summarize here its major characteristics.

Either plane strain or axisymmetric analysis may
be performed, the latter being used for resilient
response of pavements. Figure 6 shows a typical ar-
rangement of elements and boundary conditions. 1In
order to use the nonlinear resilient-response model
developed for granular materials, it was found ad-
vantageous to use a secant modulus approach.

An important part of the overall analysis was the
initial computation of stresses due to overburden,
which provides a correct starting point with appro-
priate values of modulus before superposition of the
wheel loading, This was applied in 10 gradually
ificreasing steps until the full load was applied in
the last one. At each step the element stresses
were computed and new values of modulus determined.
An iterative process was then carried out by using a
variable damping factor, if necessary, to assist
convergence. The procedure is summarized in the
flow diagram of Figure 7. The convergence error was
calculated from

Error = L(E, - Eg)?/LE,?

where E, is the current value of Young's modulus
and F, is that from the previous {teration. The

summation took place over all nonlinear elements and
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convergence was considered satisfactory when the
error was below 0.002.

The values of secant modulus for the granular ma-
terial were determined from the models described in
the previous section of the paper. The bulk modulus
(K} at any point in p',g stress space was calculated
from the contour value of volumetric strain (Equa-
tion 8) by using

K=p"[V (13)

Figure 6. Typical finite-element layout.

|-—cms of symmetry

] wheel load

i o

subgrade

Figure 7. Flow diagram of SENOL finite-element program.
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Shear modulus (G) was more difficult to determine
because the contours in Figure 4 (left) were based
on normalized values of shear strain and hence the
zero in that figure does not correspond to =zero
strain. The procedure, therefore, was to estimate
an initial value of shear strain (e;) and devi-
ator stress (gq;) based on overburden stress condi-
tions (py',qy). Then:

Gy = q4/3¢; (14
For a particular stress path from (p;’,q;) to

(P2'+a3), the wvalue of ¢, was obtained from
Equation 10 so that

=€ te (15)
and
Gz =q2/3¢, (16)

A similar procedure was adopted for all successive
stress paths.

Since the model for fine-grained soils was less
detailed than that for the granular material, cer-
tain approximations were used while basically fol-
lowing the procedures outlined above for shear mod-
ulus.

In the absence of radial strain measurements on
silty clay material, an assumption had to be made so
that the shear strain could be determined. For v =
0.5, the shear strain is equal to the axial strain
in the triaxial test because

€ = (2/3)(€ar - €rr) = (2/3)(€ar + 0.5€a7) = €ar (17)

By using the expression for the tangent resilient
modulus (Equation 12),

& = €ur = (r/My) = (@/K) (Gmmax/Po ") (18)

This expression was then used in the same way as
Equation 10 for the granular material by following
Equations 14-16.

The bulk modulus was calculated from an assumed
constant Poisson's ratio and the correct value of G
by using:

K= [2(1 +v)/3(1 - 22)]G (19)

Clearly, K equals « if y equals 0.5. The as-
phalt layer has been treated as linear elastic in
all analyses to date, the value of Young's modulus
was taken as the dynamic stiffness (19,20), and
Poisson's ratio was 0.4.

No special provisions are made in the SENOL pro-
gram to prevent elements from going beyond a failure
condition. A stress-adjustment procedure was used
by Raad and Fiqueroa (3) to ensure that no element
exceeded the Mohr-Coulomb failure condition. By us-
ing the detailed granular material model in SENOL,
the need for a failure correction is less necessary
as large strains will develop when stresses approach
failure. This results in an automatic redistribu-
tion of stresses. This will not be the case when
the simple model adopted by Raad and Figueroa is
used and, hence, their correction procedure is nec-
essary. The fact that elements in some analyses by
SENOL did go slightly beyond failure in practice is
a reflection of the inaccuracy of the resilient
model at high stress levels and an indication of a
weak pavement. Ideally, the model should be of a
form that can deal with all stress conditions and
cope with the onset of failure.

The use of stress invariants to specify stress
conditions avoids the problems encountered in other
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finite-element analyses due to tensile stress in a
particular direction. So-called tension corrections
have been applied, perhaps unnecessarily, since
failure of granular material depends on the relative
values of p' and g and hence on the complete stress
system at a point. If at any stage in the computa-
tion procedure of SENOL a tensile value of p' oc-
curred, then a very low modulus (E = 100 kPa) was
assigned to the element concerned. This only oc-
curred under very severe loading conditions when, in
most cases, a convergent solution was unobtainable,
which indicates pavement failure.

The SENOL program has been used in computing the
response of test pavements (18) to moving wheel
loads. Typical results are given in Figures 8 and
9. The structure comprised 50 mm of hot rolled as-
phalt and 170 mm of well-graded crushed limestone
over a silty-clay subgrade. A moving wheel load of
B kN was applied at a contact pressure of 530 kPa
and a speed of 14.5 km/h. The test temperature was
25°C. The resilient strains (Figure 8) were gener-
ally better predicted than the transient stresses
(Figure 9). Note that the check against measured
values is thorough and involves vertical, radial,
and tangential directions at different depths in the
three-layered structure and includes variations in
radial distance from the wheel-load center. The
horizontal axis of each plot in Figures 8 and 9 is
located at the relevant depth in the structure de-
termined from the left-hand vertical scale.

We have also used the program in an extensive
parameter study to examine the effects of thickness
and stiffness of the asphalt layer, thickness of the
granular layer, and stiffness of the subgrade on the
stresses and strains of interest for pavement de-
sign. These data are proving extremely useful in
formulating simplified procedures for use in design.

CONCLUSIONS

1. The simple nonlinear model (M, = KleKz), fre-
quently used for the characterization of granular
materials in pavement analysis, is likely to lead to
inaccurate results because it has been established
from data that used a very limited range of stress
paths;

2. A more complex model that gives a better de-
scription of resilient response has been developed
for crushed rock and can be used in numerical analy-
ses that involve three-dimensional stress systems;

3. Whenever possible, characteristics of soil
and granular material should be expressed in terms
of effective stresses;

4. More research is required on the resilient
properties of fine-grained soils in order to estab-
lish reliable stress~strain relationships based on
effective stress; and

5. A finite-element program, called SENOL, has
been developed for the analysis of problems that in-
volve nonlinear materials.
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Figure 8. Comparison of resilient strains in microstrain with values
computed by SENOL.

Figure 9. Comparison of transient stresses in kilopascals with values
computed by SENOL.
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Comprehensive Evaluation of Laboratory Resilient Moduli

Results for Granular Material

GONZALO RADA AND MATTHEW W. WITCZAK

A comprehensive evaluation of nonlinear resilient modulus test results on gran-
ular materials is presented. A total of 271 test results obtained from 10 differ-
ent research agencies were used as the data base, The main objectives of the
study were to (a) determine whether typical M, relations exist for various gran-
ular materials; (b) develop a comprehensive summary of factors that affect the
M, response and determine whether predictive equations or typical relations
could be stated; and (c) investigate whether a correlation exists b labora-

tory-measured M, and laboratory-measured California bearing ratio (CBR) values.

The results indi that there app to be an inverse relationship between Ky
and K3 (M, = K4 6%2) for all granular materials. Six unique Ky and K rela-
tions are proposed for six different granular material types (silty sands, sand
gravels, sand aggregate blends, crushed stone, limerock, and slag), Predictive
equations are developed to relate the primary variables that influence the M, re-
sponse of six different aggregates (used by the Maryland State Highway Ad-

i ion). The eq use bulk stress, degree of saturation, and percent-

age of modified compaction. Typical M, equations are also stated to refiect
probabte influences of the Ky and K, values due to compaction and moi

for the Maryland aggregates. Based on an analysis of nearly 100 data palrs a
general, but variable, correlation was found b laboratory d M,
and CBR values. H , the that rel these variables is a function
of stress state. For typical bulk stress values anticipated in highway pavement
structures, the coefficient {constant) value is significantly lower than the 1500-
value suggested by Huekelom and Foster.

The resilient modulus test of unbound granular
materials has been used for several years as a means
of evaluating the response of granular material in
the 1laboratory. The modulus (M,.) is a dynamic
test response defined as the ratio of repeated axial
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Table 1. Summary of M, test results evaluated.
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Sand gravels, crushed gravels, and crushed stone

No. of

Research Agency Reference Tests Material
Asphalt Institute 1-6) 36 Sands, silty sand, sand gravels, gravels, crushed gravel, crushed stone, and limerock
University of California at Berkeley @a-9) 41 Sand gravels, gravels, and crushed gravels
Georgia Institute of Technology 19) 19 Sand gravels, soil-aggregate blends, and crushed stone
National Crushed Stone Association (11) 6 Crushed stone
University of Illinois (12) 18 Crushed stone and gravels
Pennsylvania State University (13) 2 Crushed stone
Florida Department of Transportation (14) Limerock and sands
U.S. Army Corps of Engineers (12, 15-17) 11 Silty sand, sand gravels, and crushed stone

(
University of Maryland, previous studies (20 _26
Subtotal 170
University of Maryland, MSHA project MSHA study 101
Total 271

Sands, soil-aggregate blends, sand gravels, crushed stone, limerock, and slag

Sand gravels, soil-aggregate blends, crushed stone, and slag

Figure 1. K¢-K2 relation for all aggregate M, results.
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In general, the test is conducted in a triaxial
cell that is equipped to monitor repetitive load
conditions (pneumatic or electrohydraulic loading
system) on cylindrical samples, usually 4-6 in in
diameter. Both dynamic load and deformations
[through linear variable differential transformers
(LVDTs)] are measured continuously during the test.
Previous studies have indicated that resilient
deformations generally stabilize after 200 repeti-
tions of load and, as such, the M, value is
usually computed at this level of repetition.

Because of the known nonlinear (stress-dependent)

properties of most granular materials, the test is
conducted at combinations of confining pressure
(og and a1/a3) ratios. Results of a
single test are usually presented in a mathematical
form that directly incorporates the stress sensitiv-
ity of the M, value in terms of either g, or
bulk stress (first stress invariant) (8) by

M, =K,6%2 =K, "0,X?’ )]

The <¢onstants (Kl’, Ko' or Kj, Kj) are
obtained from regression analysis of the test re-
sults and depend on the type of material and physi-
cal properties of the specimen during the test.

STUDY OBJECTIVES

Since the development of the M, test, numerous
individual research studies have Iinvestigated the
dynamic response of granular materials. However, in
general, each study was directed toward a specific
type of material or a particular parameter on the
M response for a given material. In view of
tflis, an extensive laboratory study was initiated in
1978 at the University of Maryland for the Maryland
State Highway Administration (MSHA) to develop M,
responses for typical base and subbase materials
used in pavement systems. The combined evaluation
of previous results and the Maryland study afforded
the opportunity to assess various questions not
previously addressed by other researchers.

Based on the relatively large data base col-

lected, the following specific objectives were
studied in this project:

1. Investigate whether typical 1limits of M,
relations exist for wvarious granular material
classes (types),

2. Investigate the feasibility of developing

predictive M, equations from physical properties
of the granular materials,

3. Develop a comprehensive evaluation of factors
that affect the M, response of granular materials,
and

4, Investigate whelher accurate correlations
between M, and the California bearing ratio (CBR)
exist for granular materials.

Data Sources

As noted, a comprehensive literature review of the
M. results of granular material reported by other
researchers was conducted. Table 1 is a summary of
the agencies, number of tests, materials studied,
and references obtained from this literature re-
view. As noted, a total of 170 individual M,
tests was found in the literature from 10 different
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Figure 2. Effects of K4 and K3 on the resilient modulus. 10° r
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agencies.
only the form that used the bulk stress
tion (i.e., K; and K; values).

The results obtained were summarized for
(8) equa-

University of Maryland Study

Also shown in Table 1 is information regarding the
M, study on MSHA base and subbase materials. As
noted, 101 separate M_ tests were conducted in
this project. Thus, the combined number of individ-
ual granular material M, results used in this
report was 271.

Specific Testing Program

Although 271 combined M, test results were avail-
able, not all of the previous studies contained
information that could be used in all phases of the
study objectives. The testing program of the MSHA
study was thus developed to £fill information gaps
concerning the M, response of various materials.

The study for MSHA involved testing six different
aggregate types [two limestones that meet MSHA and
dense-graded aggregate (DGA) specifications; a
crushed stone and slag that meet MSHA crusher run
(CR) 6 specifications; a bank-run gravel that meets
MSHA specifications; and a sand-aggregate subbase

blend]. For each aggregate investigated, three
hand-blended gradations were used. On each aggre-
gate-gradation combination, three compaction en-

ergies (low, standard, and modified) were used to
develop moisture-density relations. In addition to
developing compaction curves, as-molded and soaked

CBR tests (588) were conducted.

The resilient modulus phase of the test program
involved the testing of 18 specimens per aggregate.
In general, for each aggregate-gradation combina-
tion, three M, tests were conducted at modified
compaction effort (optimum and *2 percent optimum
moisture), two tests at standard compaction effort
(optimum and +2 percent optimum moisture), and one
at optimum for a low (2200 pound*ft/ft’) compac-
tion effort. The above M, test program theoreti-

6 - Bulk Stress (psi)

cally should have yielded 108 M data points, but
7 specimens failed or were unable to be tested.

TYPICAL M, RESULTS FOR AGGREGATES

The analysis of all 271 individual M, test results
(from all agencies) led to an interesting observa-
tion relative to the overall behavior of all granu-
lar materials as a group. Figure 1 shows the rela-
tion between K; and K; for the entire data set.
Observe that a definite correlation exists between
increasing K; and decreasing Kj; for granular
materials. Although the R? value of 0.68 is not
exceptionally high from a statistical viewpoint,
recognize that the results shown represent extremely
variable physical properties as well as aggregates
that range from fine silty sands to slag and lime-
rock materials.

The significance of this relation may also be
used to denote the relative degree of material
nonlinearity. Recall the form of equation 2: As
K, approaches a value of K, = 0, the material is
truly linear, whereas larger K, wvalues imply a
greater degree of nonlinearity. This is illustrated
in Figure 2, which shows M, equations developed on
a single limerock material tested under three dif-
fering sets of physical properties. The relative
changes in the K; and K, values and their re-
spective influence on the degree of nonlinearity can
be observed.

Aggregate Class Analysis

In order to determine whether the scatter of points
shown in Figure 1 could be reduced, a study was
undertaken to determine whether relatively unique
Ky=Kj relations existed among various types
(classes) of granular materials. Although not
presented in this report, groupings of data based on
both American Association of State Highway and
Transportation Officials (AASHTO) and Unified Soil
Classification System (USCS) systems were evaluated
and found to yield poor correlations. By far, the
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Table 2, Summary of K4 and Kj statistics by aggregate class.
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K, Parameter

K, Parameter

No. of Data
Aggregate Class Points Mean SD Range Mean SD Range
Silty sands 8 1620 780 710 to 3830 0.62 0.13 0.36 to 0.80
Sand gravel 37 4 480 4 300 860 to 12 840 0.53 0.17 0.24 to 0.80
Sand-aggregate blends 78 4350 2630 1880 to 11 070 0.59 0.13 0.23 to 0.82
Crushed stone 115 7210 7490 1705 to 56 670 0.45 0.23 -0.16 to 0.86
Limerock 13 14 030 10 240 5700 to 83 860 0.40 0.11 0.00 to 0.54
Slag 20 24 250 19910 9300 to 92 360 0.37 0.13 0.00 to 0.52
All data 271 9240 11225 710 to 92 360 0.52 0.17 ~-0.16 to 0.86
Table 3. K,-K; regression models by aggregate class, Finally, observe from Table 2 that the average
Ky and K, values by aggregate <class appear
Regression Constants of reasonable. In general, the order in which the
Form: log K = Agt A1 Ky Standard aggregate classes are stated coincides with increas-
2 EH_OI of ing K; order (decreasing Kj). This indicates
Aggregate Class Ao A R stimate that the overall degree of linearity increases from
Silty sands 4.183 ~1.666 0.75 0.14 the silty sand category to the slag group. The
Sand gravel 4.613 -2.100 0.82 0.17 order shown also corresponds generally to what one
Sand-aggregate 4.345 ~-1.308 0.56 0.15 would associate with 1increasing shear strength
blends behavior by the aggregate classes noted.
Crushed stone 4.515 ~-1.492 0.68 0.19
Limerock 4.924 -2.162 0.92 0.08
Slag 4.965 -1.917 0.50 0.26 Loading Conditions
All data 4.657 -1.807 0.68 0.22

best grouping of the 271 data points occurred when
the granular materials were divided qualitatively
into the following six categories:

1. Silty sands;

2. Sand gravels;

3. Sand-aggregate blends, including
bilized sands and crushed gravels;

4. Crushed stones;

5. Limerocks; and

6. Slags.

shell-sta-

The resulting population of K; and Ky values
for a given group was analyzed to determine the
typical limits associated with each group. Table 2
summarizes the results of this study by aggregate
class. Regression studies between K; and K; for
each class were conducted and the results summarized
in Table 3. Figure 3 illustrates the resulting K;
and K, relations found in the analysis. The
limits of each line shown in this figure represent
the actual limits of test results found.

Based on these results, the following observation
can be made. Each class of aggregates appears to
have its own relatively wunique Kj-K; relation
that distinguishes it from other groups. Although
the R? values range from 0.50 to 0.92, much of the
variation is due to material variations within a
class (e.g., crushed 1limestone versus crushed
gneiss) as well as the physical properties of each
specimen during the test. The overall mean values,
for all granular materials, of K; = 9240 and K,
= 0.52 are generally in excellent agreement with
typical values assumed in many design situations.

However, althouyh this may be true from a global
viewpoint, the range of K; (and hence Kj;) within
a given class appears to be significant. The
largest range shown occurs for the crushed stone
group, which has a range of K; values from 1700 to
57 000. Because of this, the influence of the
specific type and moisture-density conditions are
critical to accurate evaluation of the proper
K1 -Ky value to be used in design. In fact, the
use of typical K;-K, wvalues to represent a
specific granular material such as crushed stone or
sand gravels may be more misleading in design.

The effect of loading conditions in the M; test
for granular materials is generally well understood
from previous research investigations. The most-
significant loading factor that affects the modulus
is the stress level (8,9,11,12,19,21-25). In gen-
eral, it is customary to relate either o and
gc to the modulus. In .this study, the M,
relation that uses 6 was used because of its ease
of adaptation into nonlinear solutions in layered
pavement systems.

Other load factors, such as stress duration,
stress frequency, sequence of 1load, and number of
stress repetitions necessary to reach an equilib-
rium-resilient strain response have been covered
adequately in the literature (8,11,12,21,23,24). 1In
general, these factors have little, if any, effect
on the M, response. In the testing at the
University of Maryland, a haversine pulse load
(0.1-s load duration) at 30 repetitions/min was
used. Modulus values were computed with resilient
strains after 200 load repetitions.

Degree of Saturation

Based on previous studies (9,12,19,21,26), the
degree of saturation (for a given aggregate) plays a
major role in the M, response. Repeated load
triaxial tests, conducted by Haynes and Yoder
(12,19,26) on gravels and crushed stone, indicated
that there was a critical degree of saturation near
80-85 percent, above which granular materials became
unstable and deteriorated rapidly under repeated
loading. Seed and others (12,19,26) found that, for
well-graded gravels, Ky was reduced and Kjp
unchanged with increasing saturation (S;) values.
This was also substantiated in work conducted by
Kallas, Riley, Shifley, Hicks, and Finn (12,19,26).

Figure 4 shows the general effect of S, on the
K; and M. values (at 8 = 10 1bf/in?) for 159
separate test results on a variety of aggregates.
From this global viewpoint, the marked reduction in
the K; value and modulus with increasing satura-
tion is clearly evident. In general, the effects of
moisture can change the typical K; values from
30 000 (dry) to 1000 (saturation), with resultant
changes in modulus from 40 000 to 10 000 1bf/in?
or less.

Although the above is true in a general sense,
the exact influence of esaturation appears ¢ be

exXac inftluence Turation
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Figure 3. Typical K{-K relations by aggregate class.

Figure 4, Effect of degree of saturation on Kqand M,.
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dependent on the aggregate type. The following
acronyms for the aggregate are used in Figures 5-9:

LS=-limestone,

CS-—crushed stone,

Sl--slag,

SAB--sand-aggregate blend, and
GP--bank-run gravel.

illustrates the
investigated

Figure 5
for the six aggregates

influence of S, on K,
in the MSHA

study. Observe that, although changes in K may
not be large, various trends are recognizable from
the plots. There is, however, no uniform trend

among all aggregates. For example, a comparison of
the Ko values for the two different crushed lime-
stone materials (DGA-limestone-1 and DGA-lime-
stone-2) show decreasing and increasing K; trends
with increased S, respectively. However, in
general, the increase in K2 for Sr values near
saturation is very pronounced for the subbase mate-
rials (sand-aggregate blend and bank-run gravel).
For these materials, a definite increase in Kj at
high saturations is clearly evident. Finally, the
analysis of Ky and S, showed no distinctive
pattern relative to the influence of compactive
effort and aggregate gradation on the results.

In contrast to the relatively minor influence of
Sy on Ky, the influence of S, on the Kj
values may be significant. Figure 6 shows the
results for three of the six aggregates investigated
in the MSHA study (two crushed limestone-DGA and the

bank-fun gravel)j. For the two crushed stone mate-

Figure 5. Effect of degree of saturation on Ka. 1.2 T T T T T T T T T T T T T T
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rials, the influence of S5, on the K; value is
seen to vary even within a common aggregate class.
The DGA-limestone-l1 material is a relatively hard,
dense (low-abrasion) limestone and appears to ex-
hibit less of a sensitivity in K; to the effects
of moisture. This contrasts to the softer (high-
abrasion) DGA-limestone-2 material that yields a
greater influence of Ky to S,.

Although the two crushed limestones may exhibit
differing degrees of moisture sensitivity, we can
also see that they exhibit less sensitivity compared
with the bank-run gravel results, especially near
the critical 80-85 percent level suggested by Haynes
and Yoder. The resulting decrease in modulus for
these materials, with increasing S, values, is
clearly shown in Figure 6.

Percentage Compaction

Several studies have been conducted by previous
researchers into the effecotc of density on the M,
response of granular material (8,9,12,21-23,26)
These studies have indicated that, although increase
in density results in an increase in modulus, the
effect is relatively small compared with changes
caused by stress level and moisture. The results of
the MSHA study generally confirm this over a wide
range of aggregate types.

Figure 7 is a plot of the average K; and K,
values (by aggregate) as a function of the unit
volumetric compaction energy (E.). As previously
noted, three levels of compaction energy were stud-
ied. The Ilow compactive effort was E, = 2200
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Figure 6. Influence of degree of saturation on 10°
K4 and M, for several aggregates.
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Figure 7. Influence of compaction energy on K1 and K.
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ing compaction and the Ky, value remains essen-
tially constant. The average increase in K;, from
standard to modified compaction energy, was nearly
48 percent: the DGA aggregates averaged 25 percent,
CR-6 averaged 62 percent, and the subbase materials
(sand-aggregate blends and bank-run gravel) averaged
58 percent. Based on these results, the influence
of compaction in improving the modulus (K;) cannot
be ignored.

Aggregate Gradation

Previous research investigations of the effect of
aggregate gradation have indicated no general trend
regarding the influence of fines (percentage that
passes no. 200) on the M, response (8,9,12.21-23
26). In general, the degree of influ- ence of this
parameter appears to be related to the aggregate
investigated.

In the MSHA study, hand-blended gradations were
used to investigate the effect of the pjg¢ vari-
able. All of the six aggregates studied had a
Dpax = 1.0 in. The four base materials (DGA and
CR-6) were graded according to

p = (d/Dpax)” 3)

with n values of 0.30, 0.45, and 0.6. The selection
of these values resulted in gradations that pro-
gressed from dirty (17 percent), dense (7 percent),
to lean or open (3 percent) type. Because of diffi-
culties involved in obtaining enough fines (P200)
for the subbase materials, the sand-aggregate blend
used three gradations that had ppggp values of 3.2,
4.3, and 5.8 percent, and the bank-run gravel mate-
rial used ppgg values of 5.1, 10, and 15 percent.
Figure 8 illustrates the results of this study
phase. We can see that there is no general or
uniform trend applicable for all aggregate types,
although several observations can be made. For the
angular base materials (DGA and CR-6 aggregates),
there appears to be little change in either K; or
K2 for P200 values in the dense to dirty range
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Figure 8. Influence of percentage fines on K4 and Kp,
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(around 7-17 percent). This is not the case, how-
ever, for the bank-run gravel. For this material,
an optimum K; value is apparent near the dense
condition and a marked decrease in K; occurs as
the Pyoo value increases. In contrast, the K,
value for the bank-run gravel series appears to
increase with an increase in fines. Thus, just like
the results for S, effect, the relative sensi-
tivity for the sand-gravel material is more pro-
nounced than for crushed, angular aggregate. Fi-
nally, although no pronounced changes occur in K;
and K, for the base materials, it would be intui-
tively obvious that increases in P200 beyond the
16-18 percent range would eventually have pronounced
changes in the M, response for these materials.

Table 4. Summary of M, predictive equations, physical properties.
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M, Predictive Equations

The previous discussion has focused on the relative
influence of loading and physical properties on the
M, response of various aggregates. In general,
the most-significant factors found to affect M,
are the stress state, degree of saturation, and
compactive effort (density). In addition, the
general changes in the K; and K; values were
noted with changes in several variables.

Based on the results of the MSHA study, predic-
tive equations were investigated to develop accurate
M, predictions from the significant variables.
Several forms and variables were considered in this
analysis. The most accurate (highest R? and
lowest standard error) model was found to be of the
form shown in Table 4. Also shown in the table are
regression constants for each aggregate type and for
the model by using all aggregate types combined.
The form of the model used implies that no interac-
tion effect of the primary variables are considered
for the K, value (note that C3 = Kj). Further
work is being conducted to determine whether in-
creased accuracy will result if C3 has various
functions of the input values.

The major input variables are bulk stress (8),
degree of saturation (S;), and percentage compac-
tion relative to modified compactive effort (PC).
Table 5 shows the influence of variables in the
predictive equations studied as measured by the R?
value. Observe that the addition of the pj3qq
variables added little to the predictive accuracy;
however, the elimination of the PC term lowered the
R? values significantly for all aggregates except
DGA-limestone-l and sand-aggregate blend.

Typical Relations

Based on the MSHA study, typical M, = £(8)
relations for the six aggregate types studied have
been developed and are summarized in Table 6. This
classification scheme reflects the relative influ-
ence of the significant variables on the Kj-Kj
values.

Modulus-CBR Comparison

Although recent research has focused on the use of
laboratory determined moduli in design procedures,
empirical correlations to existing routine tests are
frequently used. One of the most-widely used cor-
relations is the one developed by Huekelom and
Foster (25), which relates dynamic modulus to CBR.
The relation established

E = 1500 CBR (E in 1bf/in?)

was found from extensive dynamic (wave propagation)

Regression Constants in log M; = Cy + C; S, + C,PC + C3 logf

No. of Data Standard
Aggregate Points Co Cy C, Cy R? Error
DGA-limestone-1 14 3.4060 -0.005 289 0.01194 0.004 843 0.79 0.13
DGA-limestone-2 17 -0.3017 -0.005 851 0.050 54 0.004 445 0.60 0.21
CR-6-crushed stone 18 1.0666 -0.003 106 0.035 56 0.006 469 0.81 0.15
CR-6-slag 17 3.2698 -0.003 999 0.016 63 0.003 840 0.59 0.18
Sand-aggregate blend 18 4,1888 -0.003 312 0.021 38 0.006 785 0.83 0.15
Bank-run gravel _1% 0.9529 -0.012 07 0.041 17 0.006 035 0.84 0.17
All data 101 4.022 -0.006 832 0.007 055 0.005 516 0.61 0.23

Note: S; = degree of saturation (%), PC = percentage compaction relative to modified density (%). and 6 = bulk stress or first stress invariant

(Ibf/in2).,
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field tests and not laboratory resilient moduli.
Although the equation is important, note that their
data showed a wide range of scatter and had a band
width of roughly #*2. Although the equation has
been used frequently for predicting subgrade moduli
for materials that have CBR of 20 or 1less, the
original Huekelom and Foster data uniformly covered
a range of CBR from 2 to 200.

In the MSHA study, recall that complete mois-
ture-density strength curves (CBR, as molded and

Table 5. Influence of variables on R2values for M, predictive equations.
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soaked) were established for each aggregate type
(six), gradation (three), and compactive energy
(three) combination. Thus, for each compacted M,

test specimen studied, it was possible to establish
the laboratory measured CBR value. This allowed for
the comparison of laboratory derived M, values to
laboratory measured CBR values for each modulus
specimen.

Because the M, value from the resilient tests
is stress dependent, there cannot be a unique rela-
tion between M, and CBR. Figure 9 is a summary
plot that compares CBR to Mr values at bulk stress
levels of 10 and 100 1lbf/in%?. As can be seen from
both diagrams, a general correlation between modulus
and CBR does exist. However, the results indicate
that a wide range of scatter exists for the rela-

No. of Data
Aggregate Points S¢, P200, PC, 8 S;,PC, 0 S, 8 tion. 1In general, the scatter bands shown on each
diagram (flg) are roughly equivalent to a 50
DGA-limestone-1 14 0.79 0.79 0.78 percent relative difference in residual error. This
DGA-limestone-2 17 0.61 0.60 0.41 band is also very similar to the #*2 band width
CR-6-crushed stone 18 0.82 0.81 0.46 defined by Heukelom and Foster.
CR-6-slag 17 0.59 0.59 0.46 Th 1t £ : a a .
Sand-aggregate blend 18 0.85 0.83 0.83 e results of this study were analyzed by using
Bank-run gravel 17 0.84 0.84 0.76 the relation:
All data 101 0.61 0.61 0.60
M, (6) = F(CBR) @)
Table 6. Typical M, relations for
MSHA aggregates. Dry, S; < 60 Percent Wet, S; > 85 l?ercent
Standard CE Modified CE Standard CE Modified CE
Aggregate K, K, K, K, K, K, K, K,
DGA-limestone-12 8 500 0.5 10 500 0.5 7000 0.4 9000 0.4
DGA-limestone-2? 11 500 0.3 15 000 0.3 6000 0:5 7500 0.5
CR-6-crushed stone? 6 000 0.5 9 000 0.5 3500 0.7 5000 0.7
CR-6-slag® 12 500 0.35 20 000 0.35 5600 0.35 9000 0.35
Sand-aggregate blends® 3 800 0.5 6 000 0.5 1900 0.7 3000 0.7
Bank-run gravel 5000 0.4 8 000 0.4 1250 0.7 2000 0.7

ﬂKl-}(1 values are typical for fines percentage (no. 200) of less than 15-18 percent.

K value should be decreased and K; value i

d if fines p is greater than 10 percent,

Figure 9. Comparison of laboratory-measured M, values to laboratory-measured CBR values.
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Table 7. F-value summary statistics:
e o 6 = 10 1bf/in?

8 = 100 Ibf/in?

M, = F(CBR).
90 Percent 90 Percent
. Confidence - Confidence
Aggregate F OF CV (%) Range F oF CV (%) Range
DGA-limestone-1 240 68 28.1 +111 727 296 40.7 +487
DGA-limestone-2 318 170 53.4 +279 635 373 58.7 1613
CR-6-crushed stone 201 121 60.3 +200 772 322 41.7 +530
CR-6-slag 358 120 33.5 +197 837 343 41.0 +565
Sand-aggregate blends 165 43 25.9 +70 699 171 24.5 +281
Bank-run gravel 232 146 62.9 +240 822 559 68.0 1920
All data 248 120 48.6 +198 738 363 49.2 +597
where F is the adjustment factor necessary for The influence of compaction (density) on all
equivalence (comparable to the 1500 value of granular materials results in an increase in the
Huekelom and Foster). Table 7 is a summary of the Ky term, and the Ky value remains essentially

F-values by type of aggregate studied. It can be
seen that, even within an aggregate type, the varia-
tion (op) may be quite large. However, note
that not all of the deviations shown in Figure 9 can
be related to variations in the M, value. This is
because unavoidable errors in determining the cor-
rect CBR value may occur due to the extremely high
sensitivity of moisture to CBR for most granular
materials.

As shown in both Figure 9 and Table 7, the aver-
age F-values for 8 = 10 1bf/in? and 100
1bf/in?® were F = 248 and F = 738, respectively.
By using a linear relation between F and log 9,
the following general relation that relates M, to
6 and CBR is

M; =(4901ogf ~ 243)CBR (5)

Finally, because most highway design structures
result in bulk stress values near 6 = 10 1lbf/in?
(for subbase) and & = 20-40 1bf/in? (for bases),
the resulting correlations developed in this study
differ significantly from that established by
Huekelom and Foster. .In order for the F-value to be
equal to 1500, a & = 350-400 1bf/in? would be
required. Although this discrepancy cannot be fully
explained until further research is conducted, we
hypothesize that this difference can be attributed
to shear strain differences caused by the dynamic
wave propagation field tests of Huekelom and Foster
and those found in laboratory specimens that undergo
M, testing.

SUMMARY

This study was based on resilient modulus test
results of granular materials obtained from both a
comprehensive literature review and extensive labo-
ratory study. Based on this analysis, the following
conclusions were obtained.

An analysis of more than 270 separate M, test

results on granular materials indicated that an
inverse correlation between K; and K, (constants
in M, = Kj6Kz) exists for the global class
of all granular materials. Relatively unique
Ki-Ky; relations were found to exist for six

different aggregate classes or types. These cate-
gories were silty sands, sand gravels, sand-aggre-
gate blends, crushed stones, limerocks, and slags.

An analysis of the results indicated that the
primary variables that influence the M, response
of granular materials are the stress state, degree
of saturation, and degree of compaction. For
crushed, angular materials, an increase in moisture
leads to a small to moderate decrease in the K;
value and relatively minor changes in the K,
magnitude. These results contrast with those of
sand gravels, which showed a marked decrease in K
and increase in K, with increasing moisture.

constant. The gradation and its influence on the
Ky-K, parameters are dependent on the type of
material considered. For crushed, angular materials
there was little, if any, change in either parameter
over a range of 3 to 17 percent that passes the no.
200 sieve. However, for sand-gravel material, the
Ky parameter had a maximum value near optimum
fines and then a marked decrease in K; with in-
creasing fines content. This change concurrently
led to an increase in the K; value with increasing
fines.

By using the results of the M -physical prop-
erty study, predictive equations that relate the
specimen properties to the M -value were developed
for six different aggregate types used in the labo-

ratory study. Typical Ky -Kj relations were
stated for these aggregate types to reflect the
relative influence of moisture, compaction, and

gradation on their M, response.

The final phase of the study dealt with investi-
gating whether general correlations exist between
laboratory measured resilient modulus and laboratory
measured CBR results. BAn analysis of nearly 100
data sets indicated that a very general, but vari-
able, correlation does exist. However, because the
M, test is stress dependent, the coefficient that
relates M. to CBR must be stress dependent and not
a unique or constant value such as has been noted by

previous investigators. The average coefficient
values found at a bulk stress of 10 and 100
1bf/in? (F = 248 and F = 738) is significantly

lower than the 1500 value proposed by Huekelom and
Foster.
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Use of Pressuremeter Test to Predict Modulus and

Strength of Pavement Layers

JEAN-LOUIS BRIAUD AND DONALD H. SHIELDS

Most airport pavements are designed or evaluated on the basis of a plate test.
This article shows how a pressuremeter test can replace plate tests to advantage.
A 1-in diameter hole is made through the pavement and pressuremeter tests

are run every foot down to a depth of 6 ft. Each test yields a deformation
modulus, so that a modulus profile is obtained at each hole location. The re-
sults of a comparison between 93 pavement pressuremeter tests and 11 plate
tests performed at two airport sites indicate that the pavement pressuremeter
can be used for pavement design; the plate tests performed were standard for
the design of airport pavements in Canada. A chart for the design of flexible

airport pavements by using the results of pavement pressuremeter tests is pre-
sented. A procedure based on multilayer elastic theory is also discussed. This
procedure uses the pressuremeter modulus as the elastic modulus of each layer.
The multilayer elastic procedure makes more thorough use of the pressure-
meter test results than does the chart procedure.

Most airport pavements are designed or evaluated on
the basis of a plate test.

This article shows how a



34

Figure 1. P: pressur test.
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pressuremeter test can replace advantageously
plate-bearing tests and how a pavement can be de-
signed or evaluated on the basis of pressuremeter
tests results.

A pressuremeter test (1) (Figure 1) consists of
placing a cylindrical expandable probe in a borehole
and then inflating the probe. A control unit on the

ground surface generates the pressure necessary to

inflate the probe. The pressure against the wall of
the borehole (p) and the expansion of the cavity (v)
are recorded, and a p-v curve is plotted (Figure
2). A modulus of deformation is obtained from the
slope of the curve (A to B on Figure 2) and, in the
standard test used for foundation design, a limit
pressure is read at large strains (E on Figure 2).
In the case of pavement design and evaluation, only
the modulus of deformation is of interest, and the
test can be terminated as soon as point B is
reached. This simplifies considerably the design of
the pressuremeter.

Pressuremeters for foundation engineering are
available commercially, but the commercial models
are unsuitable for the tests described here. Both
the recommended apparatus and the test procedure
have been described in detail elsewhere (2,3).

Fur pavement enyineeriny, pressuremeter tests
have to be performed at very shallow depth, and some
concern was expressed initially that a 1lack of
confining pressure at shallow depth would lead to
deformation moduli values that were too low. It was
shown (2) that, even very close to the ground sur=
face, the pressuremeter-derived deformation modulus
is consistent with the pressuremeter-derived defor-
mation modulus measured at larger depth.

Two ways in which deformation information can be
used to design new pavements (subbase, base, and
surface course) or to evaluate existing pavements
are as follows:

Transportation Research Record 810

1. An empirical approach in which a correlation
is found among deformation moduli, design, and
performance, and

2. A theoretical approach where moduli are en-
tered into a mathematical model of a pavement.

Both approaches were used in the work covered by
this article. For the empirical approach, use was
made of existing design charts based on plate-bear-
ing tests by converting pressuremeter data, in
effect, to an equivalent plate-bearing test result;
the conversion procedure was obtained from the
results of comparison tests between the standard
plate test, which is used for airport pavement
design in Canada, and pressuremeter tests. Multi-
layer elastic theoretical representation of a pave-
ment appears ideally suited to the theoretical
approach to design by using pressuremeter data.
This theoretical approach offers an advantage over
the empirical approach in that each pressuremeter
test result can be used directly.

PAVEMENT PRESSUREMETER TEST

The pavement pressuremeter (Figure 3) (2,3) consists
of a probe, tubing, and a control unit. The probe
is a cylinder 32.5 mm (1.33 in) in diameter that is
inflatable to a diameter of 39.5 mm (1.61 in). The
inflatable part of the probe is 230 mm (9.1 in)
long. The tubing is made of nylon, 6 mm (0.24 in)
in ocutside diameter, and 2 mm (0.08 in) in inside
diameter. It is about 5 m (16.4 ft) long.

The control unit (Figure 3) is housed in a ply-
wood box 1.2 m (47.2 in) long, 0.6 m (23.6 in) wide,
and 0.3 m (11.8 in) deep. The control unit serves
three purposes:

1. It generates the pressure necessary to inflate
the probe,

Figure 2. Typical pavement pressuremeter curve.
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Figure 3. Components of pavement pressuremeter.

A

2. It indicates on a pressure gauge what this
pressure is at any time, and

3. It iIndicates on a volumeter what volume of
liquid has been sent to the probe.

A hand pump is used to generate the pressure. By
rotating the wheel of the hand pump, a piston ad-
vances and forces water through the volumeter. This
water displaces a column of red kerosene in two
parallel plexiglass tubes. The kerosene-water
interface facilitates the reading, on a scale, of
the volume of water sent to the probe. The control
unit was designed specifically for the execution of
strain-controlled tests and for imposing unloading-
reloading cycles during the test.

The box that houses the control unit is also used
to transport the probe, tubing, penetration rods,
and necessary accessories (Figure 3). When filled
with equipment, the box weighs about 0.5 kN (110 1b)
and can be pulled along on its two wheels by one
person.

To evaluate the base, subbase, and subgrade of an
existing pavement or the subgrade for a new pave-
ment, with the pavement pressuremeter, a hole is
made from the surface down to a depth of 2000 mm
(78.7 in) by driving a 35 mm (1.38 in) diameter
steel rod. Immediately after the steel rod is
withdrawn, the short pressuremeter probe is inserted
in the hole, and tests are performed every 3000 mm
(11.8 in) of depth (Figure 1). The making of the
hole takes from 2 to 10 min, and one pavement pres-
suremeter test takes an average of 6 min. There-
fore, a test station that consists of one hole and
six tests can be completed in an hour.

A pavement pressuremeter test consists of inflat-
ing the probe at a constant rate of strain; both
pressure and volume are recorded. An unloading-re-
loading cycle is performed during each test toward
the end of the AB portion of the curve (Figure 2).
The pressure and volume readings are corrected for
membrane resistance and tubing expansion, respec-
tively (3). The corrected curve is plotted, and two
moduli values are calculated, as explained below.

The modulus (E) is obtained from the slope of the
AB portion of the test curve (Figure 2) by using the
linear elastic, cylindrical expansion theory of Lamé
and Poisson's ratio of 0.33 (1l). The reload modulus
(Ey) is obtained from the reloading portion of the
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cycle (CD on Figure 2) by using the same assumptions:

E =2.66 Vo (Ap/Av) o
E; =2.66 Vi (Ap,/AV;) 0))
Vi = Ve + [(vo + v)/2] 3
Vine =Ve + [(Vor +v:)/2] @

where, referring to Figure 2,

AP/Av = slope of AB,
Apy/Avy = slope of CD,
c = initial volume of the probe = 1.9 x
105 mm®,
Vo = volume injected at A,
vg = volume injected at B,
Vor = volume injected at C, and

Ver volume injected at D.

The method used to prepare the borehole (driving
of the rod) disturbs the soil. This disturbance
seems to result in a change in E-value of about 30
percent (2) and seems to be particularly important
in silt and loose soils. However, the method of
borehole preparation outlined here is recommended in
all types of soils for the following reasons: The
use of one standard method for all soils avoids
errors due to the wrong choice among several recom-
mended methods. Augering, sampling, and selfboring
are not feasible because of the small diameter of
the hole. The recommended method is simple, fast,
and leaves a well-calibrated hole that has smooth
sidewalls that rarely cave in. The standardization
of the method allows any deviation from an ideal
hole to be absorbed in correlations between the test
and observed pavement behavior. Other researchers
have used similar methods with success (4). Even
though disturbance has an influence on the first
loading modulus, it has less influence on the reload
modulus (E.). As shown here, the pressuremeter
test and the plate test correlate reasonably well.
Since preparations for the plate test do not disturb
the soil, we can conclude that disturbance involved
in the preparation of the hole for the pavement
pressuremeter is not a major concern.

CORRELATION WITH A PLATE TEST

MclLeod Plate Test

The McLeod plate test is widely used in Canada for
the evaluation of airport pavements. When the
pressuremeter test is correlated to the McLeod plate
test, use can be made of the existing design and
evaluation procedures associated with the McLeod
test.

The McLeod plate test (5) consists of loading a
762-mm (30-in) diameter steel plate placed on the
pavement surface (Figure 4). Usually, a trailer
loaded with a huge rubber container filled with
water is used as a reaction (Figure 4). The test
consists of applying to the plate a load (S) that,
repeated 10 times, will cause a 12.5 mm (0.5 1in)
deflection of the surface at the tenth repetition.
If the plate test is performed on the pavement
surface, S is the pavement bearing strength (Sp);
if performed on the subgrade surface, S is the
subgrade bearing strength (Sg).

The subgrade bearing strength (S,) is the basic
design parameter for airport pavements in Canada at
the present time. In general, Sg is not measured
directly but is deduced from the measurement of
Sp. A relation has been established between Sg
and 8y (5):
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S, =S, x 10~ (/165 ®)

where t is the equivalent granular thickness of the
pavement in centimeters (1 cm of base course equals
1 cm of equivalent granular thickness; 1 cm of
asphalt concrete equals 2 cm of equivalent granular
thickness).

Testing Program

Pavement pressuremeter tests and McLeod plate tests
were performed at two airport sites selected by
Transport Canada: Sarnia Airport and Ottawa Inter-
national Airport.

At Sarnia Airport, the pavement of the main
runway is made up of 60 mm (2.4 in) of asphalt
concrete and 280 mm (11 in) of moist, medium-sized,
sandy gravel. The testing program took place while
the runway pavement was being overlaid. After the
overlay the total asphalt concrete thickness was
about 140 mm (5.6 in). The subgrade is a silty clay
that has a natural water content of 13 percent, a
liquid limit of 29 percent, and a plastic limit of
15 percent.

Five Mcleod plate tests were run along the center
line of the runway; Sp was measured and then Sg
was calculated. The results are shown in Table 1.
The Mcleod plate tests at locations (holes) 3, 5,
and 6 were performed before the overlay, and tests
at 7 and 15 were performed just after the overlay.

Pavement pressuremeter tests were performed in a
total of five holes located a few feet from where
the plate tests had been performed. Each hole was
prepared by driving the 35-mm (1.35-in) rod to a
depth of 1800 mm (6 ft), withdrawing the rod, and
then inserting the pressuremeter to the 1800-mm
depth. Pressuremeter tests were run at 1-ft inter-
vals from the bottom of the hole up to a depth of 1
ft. For each test, only the first loading modulus
(E) was calculated because, at the time of the
Sarnia tests, the standard procedure for running a
pressuremeter test that involved an unloading-re-
loading cycle (3) had not been established. Figure

Figure 4. McLeod plate test.

Table 1. Sarnia Airport: summary of McLeod plate test results.

Pavement Base Equivalent Subgrade
Bearing Course Asphalt Pavement Bearing
Strength, Thickness, Thick uess, Thickness, Steength,
Hole Sp (kN) Tg (cm) Tp (cm) T (cm) Sg (kN)
3 196 20 5 30 129
5 186 23 7 37 111-o
6 243 24 6 36 147
7 265 29 14.5 58 118
15 208 24 14.5 53 100

Note: 1cm =0.393in; 1 kN = 0.224 klp.
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5 shows a typical profile of pavement pressuremeter
moduli and Table 2 summarizes the pressuremeter
results for Sarnia Airport.

Ottawa International Airport has two parts: an
older, smaller airport and a more recent airport.
The pavement of the older airport is made up of 50
mm (2 in) of asphalt concrete and 100 mm (4 in) of
base course; the subgrade is a moist, uniform,
medium-to-fine sand. The pavement of the more
recent airport 1s made up of 100 mm (4 in) of as-
phalt concrete and 300 mm (12 in) of base course.
The subgrade is a dense, silty sand that has 20
percent silt, 60 percent sand, and 20 percent gravel.

Six McLeod plate tests were run at Ottawa Inter-
national Airport: Two were run on the more recent
pavement and four were run on the older pavement.
S was measured in each case and then Sg was
calculated. The results are shown on Table 3.
Pavement pressuremeter tests were performed in six
holes a few feet away from where the plate tests had
been performed. Each hole was prepared and the
tests were run as described for Sarnia Airport, with
the exception that, at Ottawa International Airport,
unloading and reloading cycles were performed. By
the time of the Ottawa tests, the standard procedure
to run a pavement pressuremeter test (3) had been
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Table 2. Sarnia Airport: summary of pressuremeter moduli profiles,

Pavement Pressuremeter Modulus, E (MPa)

Depth (m) Hole 3 Hole 5 Hole 6 Hole 7 Hole 15
0.23 6.6 6.4 10.1 16.8 153
0.6 1.4 5.8 2.8 4.2 7.5
0.9 2.2 17.9 10.3 72 5.6
1.2 7.9 28.2 14.2 10.2 13.1
1.5 9.2 21.2 9.0 8.4 17.8
1.8 Ted 18.2 9.1 12.8 10.5

Note: 1 m = 3,28 ft; | MPa = 145,037 Ibf/in2,
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established. Therefore, both E and E, values are
available for the Ottawa tests. Figure 6 shows an E
and E. profile and Table 4 summarizes the pres-
suremeter results.

Comparison

At each test location, the Mcleod plate gives one

Table 3. Ottawa International Airport: summary of McLeod plate test resuits.

Old Pavement Base Equivalent Subgrade
or Bearing Asphalt Course Granular  Bearing
New Strength, Thickness, Thickness, Thickness, Strength,

Hole Airport Sp(kN) Tp(em) Tg(em) T(cm) Sg (kN)

1 New 1709 10 30 50 851

2 New 1728 10 30 50 860

3 old 412 § 10 20 312

4 old 405 5 10 20 306

5 Oold 601 5 10 20 455

6 old 614 5 10 20 464

Note: 1 kN =0.224 kip; 1 cm = 0.393 in.

Figure 6, Ottawa International Airport: pressuremeter modulus profile of
hole 7.

PAVEMENT PRESSUREMETER MODULI
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unique value of Sp, and the pressuremeter gives
two profiles of six moduli (Figure 6) [one profile
in the case of Sarnia (Figure 5)]. It is the pro-
files of stiffness that give the pressuremeter test
a major advantage over the plate test; the engineer
can now see where weak layers exist in a pavement or
if soft soil exists over a particular depth in a
subgrade. In order to make a comparison between the
two tests, the pressuremeter moduli had to be re-
duced to one average or equivalent modulus by using
an appropriate averaging method.
The chosen method involves the following steps:

1. The pavement and the subgrade are divided into
layers with the boundary between layers considered
to be at the midpoint between two consecutive pres-
suremeter tests;

2. A pressuremeter modulus is assigned to each
layer;

3. The rigid Mcleod plate is placed on this
multilayer soil, and the plate is loaded with the
bearing strength that has been measured in the field;

4, The settlement (s) of the rigid plate is
calculated by using multilayer elastic theory and
the finite element method (2); and

5. The equivalent pressuremeter modulus is ob-
tained from the formula that gives the settlement of
a rigid plate on a linear elastic homogeneous half
space:

E, Ep (kPA) E, =(n/4) (1 - v*) (Q/sB) ©)
00 60?00 120(:00 180(300 2400?0 3000100 e where
ASPHALT
BASE E, = the equivalent modulus;
COURSE v = Poisson's ratio, considered as 0.33 in all
0.3 F & cases;
. Q = the load (Sp or S5 depending on the
S R case) ;
u B = the plate diameter [762 mm (30 in)]; and
. 0.6 s = the settlement calculated by using multilayer
R elastic theory.
A
D z’l—/[
E A total of four equivalent pressuremeter moduli
was calculated. The four are
0.9 | e o
1. The pavement equivalent pressuremeter modulus
(Eep)' the modulus of a fictitious homogeneous
i Y & material that is equivalent to the layered pavement
and subgrade that have six pressuremeter moduli (E)
as layer moduli;
2. The pavement equivalent pressuremeter reload
modulus (Erep)' the modulus of a fictitious homo-
s o geneous material that is equivalent to the layered
pavement and subgrade that have six pressuremeter
reload moduli (E.) as layer moduli;
3. The subgrade equivalent pressuremeter modulus
Taf (Eqg)r the modulus of a fictitious homogeneous
# soil that is equivalent to the layered subgrade that
D?:T Note: 1m=3.28 ft; 1 kPa = 0.145 Ibf/in?. have pressuremeter moduli (E) as layer moduli; and
3 i 0 f >
;‘::;I;;msea‘::l:lni\:iﬁ?:tesuslt:smmaw e Pavement Pressuremeter Moduli, E and Eg (MPa)
New Airport Old Airport
Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 Hole 6
Depth (m) E Er E Er E Er E Er E Er E Er
0.25 47.4 114.0 35.4 88.0 17.5 41.2 18.0 65.5 40.2 84.1 21.5 64.2
0.6 27.5 70.0 109.3 251.6 13.9 36.0 16.2 55.8 32.7 78.7 25.6 72.5
0.9 106.9 298.0 163.9 283.8 145 41.1 11.3 36.7 13.0 42.0 16.7 55.0
1.2 100.7 2249 459 126.3 4.6 7.3 7.8 19.1 16.6 42.5 11.2 27.4
1.5 64.6 16.6 47.7 110.0 4.1 12,5 8.7 2.1 13.7 34.0 104 17.4
1.8 8.4 19.4 9.9 21.4 16.9 33.8

Note: 1 m = 3.28 ft; 1 MPa = 145.037 Ibf/in2.
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Table 5. Equivalent pressuremeter moduli.
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Ottawa International

New Airport Old Airport

Item Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 Hole 6

Epp  76.5 83.9 15.4 18.0 31.0 247
(MPa)

Egrgp 160.2 167.1 38.2 51.6 69.9 70.5
(MPa)

Egps
(MPa)

Egpps 105.4 543
(MPa)

Sarnia Airport
Hole 3 Hole § Hole 6 Hole 7 Hole 15
17.8 12,2 24.1 24.5

5.7

Note: 1 MPa = 145.037 Ibf/in2.

Figure 7. Correlation betwesn plate and pressuremeter: Eqp versus Sp.
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4, The subgrade equivalent pressuremeter reload
modulus (E eg), the modulus of a fictitious homo-
geneous soil that is equivalent to the layered
subgrade that have pressuremeter reload moduli
(E;) as layer moduli.

In the case of E, and Epop, which involve
the surface layer of Ehe pavement, a deformation
modulus for the asphalt concrete had to be assumed
since the probe of the pressuremeter is too long to
enable the modulus of the asphalt concrete to be
measured. A value of 1.5 million kPa was considered
to be reasonable for the asphalt modulus in all
cases. The theory required a value of Poisson's
ratio for each layer. Since neither the pressure-
meter nor the plate test measure Poisson's ratio, a
value of 0.33 was simply assumed for all cases.
This value is a reasonable average for soils and, in
addition, variations in Poisson's ratio usually have
a relatively small influence on the magnitude of

Figure 8. Correlation between plate and pressuremeter: E;qp versus Sp.
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settlement (6, p. 160; 7).

The moduli Eep and Erep are obtained for the
load Sp.- Eeg and E.og for the 1load Sg. A
summary of all the equivalent moduli that were
calculated for the different test locations at
Sarnia and Ottawa International Rirports is given in
Table 5.

Correlations

Figure 7 presents a plot of E, versus Sp, and
Figure 8 presents a plot of E. versus S.. In
both cases it seems reasonable to represent the test
results by straight lines, as shown, where

Eep =558, %)

with Eep in kilopascals and Sp in kilonewtons,
and

Erep =100 5, ®
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Figure 9. Design chart for flexible airport pa t by using p
pressuremeter.
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Referring to Figure 7, the scatter in results is
appreciable for low values of Eep and (Sarnia
Airport). This large scatter may occur because the
soil is fine grained and would be disturbed somewhat
when the boreholes are made. The large scatter may
also be because the plate test and pressuremeter
test results were not as reliable in Sarnia as in
Ottawa. In Sarnia there were calibration problems
with the jack that was used for the plate tests, and
the operators for the pressuremeter tests were
inexperienced.

The scatter in values is small in Figure 8. One
reason for the limited amount of scatter is that
there are no points shown for Sarnia Airport because
the reload modulus (E,) was not measured. An
average value of E. for Sarnia can be estimated as
follows: E, was measured in one test in Sarnia,
and for that test the ratio E./E was l.4; given
that the average Eep value for Sarnia is 16 700
kPa, then an estimate of the average Erep is
16 700 x 1.4 = 23 380 kPa. The corresponding aver-
age Sp value is 220 kN. This point is represented
by a square on Figure 8.

Figures 7 and 8 tend to prove that there is a
simple correlation between McLeod plate test results
and pavement pressuremeter test results. It seems
reasonable to assume, therefore, that the empirical
design rules for flexible airport pavements based on
the McLeod plate test can be employed equally suc-
cegsfully by using the pressuremeter test.

CHART DESIGN

Engineers are familiar with the chart approach to
pavement design, so little needs to be said here
concerning the method. For the purpose of demon-
stration only, the empirical chart method employed
by Transport Canada is used in this section because
we are most familiar with this procedure.

Canadian Design

The design of new flexible airport pavements is
carried out in accordance with Transport Canada
manual AK-68-12 (8):
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1. The subgrade of the airport site is classified
according to the Unified Soil Classification System;
the subgrade bearing strength (S;) 1is estimated
from the subgrade classification;

2. The design plane that will be landing at the
airport site is classified according to its aircraft
load rating (ALR); the ALR is a number that ranges
from 1 to 12; for example, the ALR is 12 for a
Boeing 747 or a Concorde, but it is 1 for very small
planes;

3. Once S5 and the ALR are known, Figure 9 is
used to find the equivalent granular thickness (t)
of the pavement; t takes into consideration the
equivalency factors for various components of the
pavement;

4. The pavement is then designed to have the
minimum required thickness of asphalt, the minimum
required thickness of base course, and the remaining
portion of t in subbase; these minimum requirements
depend on the maximum tire pressure;

5. Once the pavement is built, a number of McLeod
plate tests are carried out; the tests generate
pavement bearing strength parameters (Sp); and

6. At any one plate test location, a new Sg
value is deduced from the S, value by using Equa-
tion 5; the Ss values are multiplied by a reduc-
tion factor, if necessary, to account for a loss in
strength during the thawing of frozen ground in the
spring of the year; the lower quartile adjusted Sg
value is determined and is considered to be the
applicable in situ Sg value; comparison of this
S value with the design S¢ value from step 1

s
provides the engineer with a check on the design.

In Canada, the evaluation of existing pavements
is carried out as follows:

1. A number of McLeod plate tests are performed
on the pavement, which gives rise to a number of
S, values; the corresponding 55 values are
ogtained by using Equation 5.

2., As is done during the design of new pavements,
the Sg values are multiplied by a spring reduction
factor, if necessary. The lower quartile adjusted
Sg value is determined and is considered to be the
applicable in situ Sg value.

3. The ALR of the design plane is obtained, and,
by using the thickness design chart of Figure 9, the
required value of t is determined.

If the existing t is greater than the required t,
the pavement is satisfactory. If the opposite is
true, the pavement needs to be strengthened, and the
thickness of the necessary overlay is deduced from
the difference between the required and existing
t-values.

Pavement Pressuremeter Design

The design chart of Figure 9 is based on Sg values
that are either assumed (initial design) or calcu-
lated from plate-bearing tests. A similar chart can
be produced based on pressuremeter modulus values by
making use of the plate-pressuremeter correlation
equations that were deduced from the research pro-
gram outlined in this paper. Erep is considered
to be a more reliable parameter than E_, for this
purpose because E_ ., is less influenced %W distur-
bance to the soil E%an is Eo and the fit between
E p and S is better than that between E

re; El
and S_. Equation 8 is a relation between S_ an
E, ep’ and it seems reasonable to assume thaE the

same relation holds between Sg and Breg. Oon
Figure 9 an E_ .. axis has been added that allows
flexible airport pavements to be designed on the
basis of pressuremeter moduli.
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The following procedure can be followed to design
new airfield flexible pavements on the basis of
pressuremeter test results.

l. Pavement pressuremeter tests should be per-
formed in the subgrade at regular intervals along
the proposed runway. This represents a considerable
advance over the existing method because the actual
deformation properties of the subgrade are measured
rather than chosen based on a soil classification.
The test holes should be spaced about 100 m (300 ft)
apart, and at each hole location a test should be
performed every 0.3 m (1 ft) of depth down to 1.5 m
(5 £t)s

2., The modulus (E.)
each test, and an E
location.

3. The subgrade equivalent pressuremeter reload
modulus (Eres) should be calculated for each
test~hole location. In order to do this, a ficti-
tious, but reasonable, subgrade bearing strength
(Sg) has to be chosen to calculate s by using
multilayer elastic theory. An Sg value of 100 kN
(~20 000 1b) 1is recommended. Because of the
superposition law of linear elasticity, the value of
Sy has no influence on the E,.q value, which is
calculated. If the required computer program is not
available, an approximate value of E,.g can be
obtained by using the following formula:

should be calculated for

, profile obtained for each

1/Epes = (1/100) [(22.1/E;) + (33.5/B,) + (24.6/B3)
+(14.8/E4) + (5/Es)] ©)

where E; is the reload modulus obtained at the
shallowest depth 1in the subgrade. Ey, E3r Ey.
and Eg are the reload moduli obtained at a depth
of 1 £t below, respectively, Ey, Ey, Ejg, and
E4. This formula was obtained by assuming a
single average vertical strain distribution below
the plate (2). Incidently, correlation between
pressuremeter and plate results by using this ap-
proach presents much less scatter than in Figure 7.

4. The E,..o values are multiplied by the appli-
cable spring reduction factor, and the lower quar-
tile factored Epogq value is determined. The lower
quartile I is considered to be the design in
situ E, o value.

5. ALR of the design plane is obtained. The in
situ Ep.o- and the chart of Figure 9 are used to
determine the reguired equivalent granular thickness
(t1) .

16. If base-course material is available from
different borrow pits, it may be desirable to pre-
pare pavement test sections with the different
base-course materials and to test them with the
pressuremeter.

For the evaluation and design of overlays for
existing pavements, the following procedure should
be followed:

1. Pavement pressuremeter tests should be per-
formed at regqular intervals along the runway. At
each hole location, a test is performed immediately
below the asphalt layer, and subsequent tests are
performed at 0.3-m (1-ft) intervals down to a depth
of about 1.8 m (6 ft). The test holes should be
about 100 m (300 ft) apart.

2. The modulus (E;) should be calculated for
each test, and an E, profile obtained for each
location.

3. Only the results of tests in the subgrade
should be considered for use with the design chart
(Figure 9), but the tests in the base and subbase
are of considerable value because they allow the
engineer to assess directly the competence of thin
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layers in the make-up of the pavement. The subgrade
equivalent pressuremeter reload modulus (Ep.g) for
each test-hole location should be calculated from
the subgrade pressuremeter tests by following step 3
of the new pavement design procedure.

4. Follow step 4 of the new pavement design
procedure.

5. Follow step 5 of the new pavement design
pProcedure.

6. This required thickness (t;) is compared
with the equivalent granular thickness of the exist-
ing pavement (tj;). An overlay is necessary if
£y is greater than ty; the overlay thickness is

t (overlay) = (t; - t;)/equivalency factor 10)

The above design procedure points out two advan-
tages of the pressuremeter test over the plate
test. The first advantage is that pressuremeter
tests can be carried out in situ before the pavement
is designed and built in areas where it would be
impractical to carry out plate tests. Real deforma-
tion values are then available for design rather
than estimated values. The second advantage is
that, even with the pavement in place, the subgrade
modulus is measured directly by the pressuremeter,
whereas with the Mcleod procedure the subgrade
bearing strength (Sg) is estimated from the pave-
ment bearing strength (Sp) by means of Equation 5.

MULTILAYER ELASTIC DESIGN
The alternative to the empirical chart route to
pavement design and evaluation is the use of elastic

theory.

Existing Procedures

In the multilayer elastic design, the pavement-sub-
grade system is considered to be a multilayer elas-
tic continuum. Each layer is characterized by a
modulus of elasticity and a Poisson's ratio. The
strains generated in the multilayer elastic con-
tinuum by the load from the design aircraft are
calculated by using a computer program. Two strains
are considered to be critical: the maximum horizon-
tal tensile strain (ey) at the lower face of the
asphalt layer and the maximum vertical compressive
strain (ey) at the top of the subgrade. The
design asphalt and pavement thicknesses are the
thicknesses that are required to ensure that the
magnitudes of ey and ey are within accept-
able limits, called the limiting strain criteria.

The multilayer elastic theory approach to pave-
ment design is coming into greater use. The evalua-
tion of the moduli of deformation for the various
pavement layers has not kept pace with the rapid
advance in theory and computational capabilities. A
number of ways exist to estimate the necessary
moduli, including a correlation between California
bearing ratio (CBR) and deformation modulus and
triaxial tests on prepared samples, but none of the
ways are direct in the sense of measuring actual in
situ deformation properties, In this regard, the
pavement pressuremeter test represents a real im-
provement because of its ability to measure deforma-
tion moduli in situ.

Pavement Pressuremeter Procedure

For both Sarnia and Ottawa International Airports,
the strains ey and ey were calculated by
assuming the pavements to be loaded with the respec-
tive design plane: the Convair 440 for Sarnia
Airport, the DC-8-63 for the new section of Ottawa
Airport, and the DC-3 for the older section of
Ottawa Airport. The Poisson's ratio for all layers
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was assumed to be 0.33 (7). An asphalt modulus of
1.5 million kPa (%200 000 1bf/in2?) was assumed
to be a reasonable value. The base course, subbase,
and subgrade were divided into layers that have
boundaries at the midpoint between two consecutive
pPressuremeter tests. The pressuremeter reload
moduli (E.) were considered to be the applicable
moduli of elasticity of each layer. Since E, was
not measured at Sarnia Airport, an estimate of the
E, value of each layer was obtained by averaging
the E values of holes 5, 6, 7, and 15 and then
simply doubling the resulting E values. For Ottawa
International Airport, the E, values for each
layer were obtained by averaging the E, values of
holes 1 and 2 for the newer section and of holes 3,
4, 5, and 6 for the older section. This selection
process led to one profile of elastic constants
being made available for each of the three pavements.

The computer program bitumen-structures-analysis-
in-roads (BISAR) (7) was used to calculate ey,
eys and the maximum pavement deflection (s)
under the load of one leg of the design airplane.
The results are shown in the table below (1 mm =
0.039 in):

Ottawa International

New 014 Sarnia
Item Airport Airport Airport
Design plane DC B-63 DC-3 Convair
440
Asphalt strain, H 0.001 66 0.000 81 0.000 44
Subgrade strain, V 0.003 04 0.003 1 0.003 03
Settlement, s (mm) 3.9 3.1 2.2

A reasonable estimate of the activity at the two
airports is 5000 landings and takeoffs of the design
pPlane per year. Given this level of activity and
the properties of most asphalts, the limiting strain
in the asphalt can be assessed at 0.0011 (7). A
limiting subgrade strain can also be assigned de~
pending on the level of activity at the airport
(3). For cases being considered here, the limiting
subgrade strain would be of the order of 0.002.
These limiting strain criteria mean that if the
asphalt strain (ey) is 0.0011 of less and if the
subgrade strain (ey) is 0.002 or less, under the
static load of the design plane, the pavement will
perform satisfactorily for at least 5000 passes of
the design plane.

If we compare the calculated strains (see table
above) with the limiting strains, we can see that
(a) the calculated strains are not far from the
limiting strains and (b) the calculated strains for
the subgrade are somewhat higher than the subgrade
limiting strain. This comparison would imply that
the future performance of the pavements is question-
able. Given that the pavement at Sarnia Airport had
just been overlaid at the time of testing and that
the pavements of Ottawa International Airport are in
excellent condition, the future performance of the
pavements does not really seem to be questionable.
A more logical conclusion is that the use of the
pressuremeter modulus (Ep) in multilayer elastic
design is not compatible with the use of the estab-
lished limiting strain criteria. In this instance,
E, values are too small, which results in calcu-
lated strains that are too large.

Even though the E, values are measured during a
reload cycle, they are measured over an average of 4
percent volumetric strain. Continuing research on
the subject shows that much higher E, values are
obtained at lower strain levels and that even an
initial tangent modulus can be obtained with the
pavement pressuremeter. The choice then is between
(a) continuing to use E,. values measured over 4
percent strain and establishment of more-appropriate
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limiting strain criteria by direct calibration with
pavement performance or (b) keeping the established
strain criterion and selection of E, values at a
more appropriate (smaller) strain level. The second
solution is favored and will be the subject of
further discussion in another article.

ADVANTAGES AND DISADVANTAGES OF THE PAVEMENT
PRESSUREMETER METHOD

Disadvantages of the pavement pressuremeter method
include that the test requires a 35-mm (1.38-in)
diameter hole through the pavement. This does not
seem to be a major drawback because a hole of this
size can be backfilled and patched easily. The
pressuremeter loads the soil laterally, not verti-
cally as does a wheel. This criticism is not as
serious as it may appear because (a) pressuremeter
tests have been carried out in both vertical and
horizontal boreholes in a wide range of soils, and
the results show that the horizontal and vertical
moduli are within a few percent of each other (1)
and (b) support for the wheel of a truck or a plane
does not come only from vertical soil reaction but
from horizontal soil reaction as well. The pavement
pressuremeter cannot measure, as yet, a modulus E,
in the thin asphalt layer.

Some of the advantages of the pavement pressure-
meter method are that the apparatus is relatively
inexpensive and is available commercially. It is
portable and a test is relatively quick. The qual-
ity of a test can be evaluated from the shape of the
pressure-volume curve; the engineer can therefore
develop a level of confidence in the results. The
average magnitude of the six moduli measured at each
station allows an assessment to be made of the
overall pavement stiffness, although the profile of
moduli indicates the variation of pavement stiffness
with depth and can be used, for example, to single
out a weak layer. The test can be used not only for
the evaluation of existing pavements and the design
of overlays but also for the design and control of
new pavements. The pressuremeter moduli are sound
input parameters for the multilayer elastic theory.

Other potential uses of the pavement pressure-
meter include the selection for strength of base-
course materials, the determination of equivalency
factors, the determination of subgrade reaction
value for the design of rigid pavements, the control
of compaction, and the determination of the plastic
properties of each layer by repeating the infla-
tion-deflation of the probe a number of times.

CONCLUS IONS

A new pressuremeter and test method have been de-
scribed that show promise for pavement design. The
equipment is compact, sturdy, and can be easily
carried by two people. The test procedure is sim-
ple, the test is of short duration, and the results
are reproducible.

Each test yields a modulus of deformation for the
soil, and a moduli profile is obtained at each test
station. A total of 93 pavement pressuremeter tests
and 11 McLeod plate tests were run in parallel at
two airports in Canada. The Mcleod plate test is
the test that is used by Transport Canada for the
design of flexible airport pavements. The pavement
pressuremeter was shown to have definite potential
for the design of airport pavements by -showing that
a correlation exists between pavement pressuremeter
test results and McLeod plate test results. This
correlation was used to generate a design procedure
based on the pavement pressuremeter and a simple
chart (Figure 9). This chart was obtained by re-
placing the Mcleod plate parameters by an equivalent
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pressuremeter parameter in the well-established
Transport Canada design chart (Figure 9).

The multilayer elastic design method makes a more
thorough use of the moduli profile obtained with the
pavement pressuremeter than does the chart design
procedure. The multilayer elastic design is there-
fore recommended. In the examples quoted in the
text the calculated strains were probably larger
than they should be. The overestimation of strain
was attributed to the fact that the pressuremeter
modulus is measured at strain levels that are larger
than the strains developed by the wheel 1load.
Recently a means of obtaining pressuremeter moduli
at much lower volumetric strains has been devised,
and the method will be the subject of another arti-
cle.
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Load Equivalency Factors of Triaxle Loading for

Flexible Pavements
M.C. WANG AND R.P. ANDERSON

This paper presents the load equivalency factors of triaxle loading for flexible
pavements. Two different approaches were used to determine load equivalency
factors—American Association of State Highway Officials’ (AASHO) empirical
and mechanistic approaches. AASHO's empirical approach was used first to de-
termine the load equivalency factor of 338-kN (76-kip) triaxle loading. For
this approach, experimental pavements were subjected to approximately

55 000 repetitions of 338-kN triaxle loading. The load equivalency factor
determined was 2.60 for the range of structural numbers studied and for

a terminal serviceability index of about 2.0. The mechanistic approach was
used in order to include a broad range of triaxle loading intensity. For this ap-
proach, the maximum vertical compressive strain on the top of the subgrade
was analyzed by using the bitumen-structures-analysis-in-roads (BISAR) com-
puter program. The maximum subgrade compressive strains were related with
load equivalency factors in logarithmic coordinates for single- and tandem-axle
loadings. The relation for_triaxle loading was blished.by first plotting the
equivalency factor determined from the AASHO approach against the maxi-
mum subgrade strain. Then a line was drawn through this point parallel to the
lines of single- and tandem-axle loads. The load equivalency factors of various
triaxle loading intensities were then obtained by entering the maximum sub-
grade strain of each load intensity into the relation.

One of the most important tasks of highway officials
and engineers is the maintenance of the deteriorat-
ing, existing highway system. The deterioration of
the highway network is augmented by the continued
growth of traffic and the accompanying increase in
vehicle size and gross weight in an attempt to im-

prove the energy savings and economic efficiency of
the transportation system. 1In order to maintain the
heavy gross vehicle weight and still stay within
legal axle-to-axle load restrictions, the trucking
industry has devised the triaxle or triple-axle con-
figuration. The most common adaptation of this new
axle arrangement is the rear assemblage of the fa-
miliar single-unit, four-axle coal trucks, although
five-axle tractor-semitrailer units that have tri-
axle configurations are becoming more commonplace.

Highway engineers are concerned about the impact
of the innovative heavy triaxle vehicles. Unfortu-
nately, results of the American Association of State
Highway Officials (AASHO) road test (1) do not in-
clude information that would permit an assessment of
the structural damage caused by triaxle vehicles.
Consequently, incorporation of triaxle loading into
design formulas is not possible. Additional work is
necessary to determine the relative destructive ef-
fect of heavy triaxle configuration and allow for
its application to pavement design and rehabilita-
tion schemes.

One method of assessing the destructive effect of
triaxle loading is through the use of the concept of
load equivalency factor. The load equivalency fac-
tor of a given axle loading is defined as the number
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of applications of a standard load that is equiva-
lent in destructive effect to one application of the
load under consideration; 80-kN (18-kip) single-axle
load is normally used as the standard 1load. This
paper presents the methods of evaluation and the re-
sults of load equivalency factors of triaxle loading
for flexible pavements.

EVALUATION METHODS

The concept of load equivalency factor is from the
ARSHO road test (1). The criterion used in the
AASHO road test for determination of load equiva-
lency factor is serviceability. At the AASHO road
test, equivalency factors were determined for two
standard axle configurations: the single axle and
the tandem axle, with single-axle load magnitudes up
to 178 kN (40 kip) and tandem-axle loads up to 213
kN (48 kip). Since extrapolation from results of
earlier tests is not reasonable, establishment of
equivalencies for axle configurations not considered
in these tests necessitates performance data col-
lected under controlled environments.

Because prototype pavement studies that involve
new axle-load configurations are time consuming and
costly, analytical methods that use mechanistic ap-
proaches to the equivalency determination have re-
ceived the most attention recently. Among the more
noteworthy studies are those of Deacon (2); Treybig
and Von Quintus (3); Hicks, Layton, and Glover (4);
Terrel and Rimsritong (5); and Kingham (6). These
analytical methods use two different modes of pave-
ment distress (fatigue cracking and rutting) rather
than pavement serviceability as the criteria for de-
termining equivalency factors. 1In the analysis, the
fatigue mode of distress was related with the maxi-
mum tensile strain at the bottom of the stabilized
layer; rutting was related with the maximum com-
pressive strain at the top of the subgrade. In
their analysis, Treybig and Von Quintus (3) also de-
veloped a method by which the maximum compressive
strain on the top of the subgrade could possibly be
used to extrapolate the load equivalency factors de-
termined at the AASHO road test. This method is
based on the assumption that the relation between
the maximum compressive strains on the top of the
subgrade and the load equivalency factors is unique
regardless of the type of axle configurations.

The mechanistic approach either considers only
one distress mode at a time or requires assumptions
that are not verifiable at this time. These inher-
ent limitations make it very difficult to use the
mechanistic approach alone to generate load equiva-
lency factors that are compatible with those devel-
oped at the AASHO road test. Therefore, the empiri-
cal approach by using pavement performance data is
necessary for determination of equivalency factors
for triaxle loading. Current economic conditions,
however, dictate that the conduct of a full-scale
load test similar in scale to the AASHO road test
for developing equivalency factors for a spectrum of
triaxle loading is infeasible. Therefore, for this
research, both empirical and mechanistic approaches
were adopted. Specifically, the empirical approach
was used to determine the equivalency factor of
338-kN (76-kip) triaxle loading, whereas the mecha-
nistic approach was employed to include a broader
range of load intensity for the triple-axle configu-
ration. The 338-kN load intensity was selected on
the basis of weigh station data collected in Penn-
sylvania.

LOADING CONDITION

Loading condition is one of the most important vari-
ables that affects the generated load equivalency
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factors. Conditions that should be considered are
load magnitude, axle-load distributions, axle spac-
ing, tire types, tire pressures, and tire spacings.

Magnitude of ILoad

To obtain a range of the triaxle load that operates
on Pennsylvania highways, records from weigh sta-
tions were acquired through the Pennsylvania Depart-
ment of Transportation. According to these data,
the triaxle weights varied between 107 and 291 kN
(24 and 65.5 kip) with a mean of 80 *5.8 kN (55
*1.3 kip). Note, however, that these data were
collected at selected weigh stations throughout the
state. The difficulty in obtaining an accurate pic-
ture of the loads that are actually being hauled,
especially in the coalbelt areas, has long been
acknowledged. On the basis of this observation, to-
gether with recognition of the increasing demand of
heavier axle loads, a load range conslderably higher
than that indicated by the weigh station summaries
was adopted in this study. Loads selected were 200,
245, 289, 334, and 378 kN (45, 55, 65, 75, and 85
kip) . This range is believed to be sufficiently
comprehensive to draw accurate conclusions about the
damaging effect of the triaxle configuration.

In addition to the five triaxle loads and the
standard 80-kN (18-kip) single-axle load, three
other single~axle loads--27, 53, and 107 kN (6, 12,
and 24 kip)--and four tandem-axle 1loads--80, 116,
151, and 1B7 kN (18, 26, 34, and 42 kip)--were 1in-
vestigated to compare the generated equivalency fac-
tors and the equivalency factors developed at the
AASHO road test.

Axle Load Distribution

In all previous work involving calculation of tri-
axle equivalencies [e.g., Treybig and Von OQuintus
(3), Hicks and others (4), and Terrel and Rimsritong
(5)] no mention is made of what axle-by-axle weight
distribution was used in the analysis. Therefore,
in these studies we must assume that for triaxles
this weight is equally distributed among the three
axles in the configuration. Although this assump-
tion appears reasonable for tandem axles, it may not
be in the case of triaxles. Note that the tandem
axle is a fixed configuration, whereas triaxles typ-
ically have two fixed axles and one lift axle. In-
deed, a majority of triaxles are essentially modi-
fied tandem axles with either a lift axle ahead of
or behind the tandem. On triaxle dump trucks, this
axle is usually ahead of the tandem, whereas on con-
crete mixers and specialized vehicles it is not un-
common for the lift axle to follow the tandem set.

Pressure in the lift axle may be regulated by the
operator (lift systems are controlled by pneumatic
or hydraulic pressures) so that the load carried by
this axle (and also others in the tridem) may vary
considerably. Therefore, distribution of the load
(axle by axle) in the tridem is a function of the
lift-axle air pressure.

The data from the weigh stations were analyzed to
determine whether a typical welght distribution ex-
isted among axles in the tridem sets. Although the
mean weights for each axle in the set resulted in a
weight distribution relation of approximately 1/4,
3/8, and 3/8 for the 1lift axle, second, and third
axles, respectively, these proportions did not hold
true for the large majority of individual cases. &
statistical regression of proportionate weights on
gross triaxle weights likewise yielded no typical
axle-by-axle weight that could be used in the load-
ing condition for evaluation of triaxle equivalen-
cies for various load magnitudes. Therefore, since
no quantifiable relations could be obtained from
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field data regarding the distribution of weight
among axles of the tridem set, the assumption of
equal weight distribution was adopted in this study
for triaxles as well as for tandems.

Axle Spacing

A variety of tandem-axle and triple-axle spacings
have been used throughout the literature. For in-
stance, Deacon (2) considered tandem-axle spacings
of 91.4, 121.9, and 152.4 cm (36, 48, and 60 in).
He recommended the 121.9-cm (48-in) spacing for the-
oretical work with the caution that axle spacing be-
comes more critical in terms of its effect on pave-
ment response parameters as the modulus of the
stabilized layer increases. Treybig and Von Quintus
(3) used a tandem-axle spacing of 127 cm (50 in) and
a triple-axle spacing of 136 cm (54 in) in their
equivalency factor study. (Why these spacings
should not be equal was not explained.) Uzan and
Wiseman (7) investigated equivalencies for three
different axle spacings of 102.9, 121.9, and 141.0
cm (40.5, 48, and 55.5 in). Since a majority of
triaxles are essentially modified tandems, a differ-
ent spacing for the two-axle configurations does not
appear to be justified. Therefore, in this study,
an axle spacing of 124 cm (49 in) was used for both
tandem axles and triple axles.

Tire Types, Air Pressures, and Spacings

A number of methods for selecting contact areas and
pressures for loading input have been used. Treybig
and Von Quintus (3) divided tire pressures into four
groups that encompass all loads. For gross weights
from 27 to 245 kN (6000 to 55 000 1bf), tire pres-
sures were assumed to be 517.5 kPa (75 1b/in?).
and for the range from 245 to 400 kN (55 000 to
90 000 1bf), tire pressures of 552 kPa (80 1lb/in?)
were assumed. Terrel (5) assumed that the contact
radius is half of the tire width, and he varied the
tire or contact pressure to account for changes in
the magnitude of the wheel 1load. This approach
yields contact pressures as high as 1097 kPa (159
1b/in?) for 20.3-cm (8-in) wide tires and as low
as 152 kPa (22 1lb/in?) for 47.0-cm (18.5-in) wide
flotation tires. But, the majority of researchers,
including Uzan and Wiseman (7), use a constant con-
tact radius throughout a spectrum of tire load mag-
nitudes and vary the pressure to account for this
difference. This method often gives higher-than-
normal tire pressures for heavy cargoes.

A more rational approach for simulating tire
loads was undertaken here. Since allowable tire
load and tire inflation pressure are a function of
tire type, the corresponding inputs required in the
analysis are also functions of the type of tire
selected. According to the 1978 tire guide (8), the
most popular heavy truck tire is the 10.00-20 bias-
ply tire, and the second most popular heavy truck
tire is the 10.00-22 and its radial equivalent, the
11-24.5 tire. On the basis of this information, all
axle loads for which the 10.00-20 bias-ply duals are
acceptable were assumed to be carried by these types
of tires. If axle loads (and consequently tire
loads) exceeded the recommended load limits for the
10.00-20 tire size designation, then the next-
popular size tire (10.00-22) was assumed to carry
the load. 1In all cases, the tire inflation pressure
that corresponded to the minimum-load range recom-
mended for the particular tire load was used. This
information can be extracted from the standards for
tire load limits at various inflation pressures as
set by the Tire and Rim Association (9).

The spacing of dual tires is dependent on the
tire size selected to carry the various axle loads.
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In most of the previous studies on theoretical
equivalency factors, including those by Deacon (2)
and Treybig and Von oQuintus (3), spacing of dual
tires was assumed to be a linear multiple of the
equivalent contact radius. Deacon selected dual
spacings of 2.5, 3.0, and 3.5 times the contact ra-
dius of one tire in the dual set. His results show
that the maximum principal tensile strains developed
on the bottom of the pavement surface layer are sig-
nificantly affected by dual-tire spacing, whereas
the equivalency factors generated by a fatigue
cracking criterion were not as affected by such
spacing. Since fatigue cracking is but one of the
criteria used to develop equivalencies in this
study, a similar lack of variance in equivalency
factors developed through the other criteria cannot
be readily assumed. Furthermore, the selection of a
spacing that varies with the contact area (and hence
the wheel load and the axle load) adds another vari-
able that could be a source of considerable discrep-
ancy when comparing equivalencies calculated by us-
ing different evaluation criteria. Therefore, a
constant dual-tire spacing was adopted in this
study. The spacing selected for all dual tires con-
sidered here is 33 cm (13.0 in). This distance is
the minimum recommended by the Tire and Rim Associa-
tion [adopted by Goodyear (10)] for 28-cm (11.00-in)
nominal width tires installed on 20.3-cm (8.0-in)
design rims. The minimum spacing recommended for
25.4-cm (10.00-in) nominal width tires is 31.8 cm
(12.5 in). The additional 1.3 cm (0.5 in) is as-
sumed to be a reasonable allowance for proper air
circulation and dissipation of tire heat as well as
avoidance of the sidewall contact caused by the
heavier axle loads.

A summary of the adopted loading conditions is
presented in Table 1. The results are expressed in
terms of calculations performed for bias-ply tires
rather than for the less common radial tires. 1In
all cases, axle loads are assumed to be equally dis-
tributed among the 4, 8, and 12 tires of the single,
tandem, and triple axles, respectively.

On the basis of these loading conditions, a tri-
axle trailer was fabricated for field testing. Fig-
ure 1 shows the vehicle, and Figure 2 illustrates
the axle spacing and the axle load distribution.
The total load on the triple axle was 338 kN (76
kip) with a distribution of 31.5, 33.7, and 34.7
percent for the first, second, and third axle, re-
spectively. This load intensity was selected to
simulate the highest load possible by using the test
trailer and the avallable steel ingots as lading.
Also, because of the size and shape of the steel
ingots, this load distribution was considered close
enough to the equal distribution assumed above.

EXPERIMENTAL PAVEMENTS

The experimental pavements are part of the Pennsyl-
vania Transportation Research Facility, which is a
single-lane, oval-shaped, full-scale experimental
highway 1.6 km (1 mile) in length. The facility
consists of 21 sections that have different composi-
tions, layer thicknesses, and lengths, as shown in
Figure 3. These sections had been subjected to axle
loads applied by a conventional single-axle tractor
pulling a semitrailer and one full single-axle
trailer hefore triaxle loading was applied. The ac-
tual axle loads that were applied were converted to
equivalent 80-kN (18-kip) single—~axle loads (EAL) by
using AASHO-derived equivalency factors. The tri-
axle loading was applied by using the original
single-axle tractor pulling the triaxle trailer
shown in Figure 1. A total of 55 000 repetitions of
338-kN (76-kip) triaxle loading was applied to the
test pavements.
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Table 1. Loading conditions used.

Axle Total Load Wheel Load Load Tire Pressure Contact Radius
Configuration® (kN) (kN) Tire Size Range (kPa) (cm)
Single 26.7 6.7 10.00-20 F 517.1 6.40
53.4 13.4 10.00-20 F 5121 9.07
80.1 20.0 10.00-20 F §17.1 11.10
106.9 26.7 10.00-22 H 724.0 10.82
Tandem® 80.1 10.0 10.00-20 F 517.1 7.85
115.8 14.5 10.00-20 E 517.1 9.42
151.4 18.9 10.00-20 F 5171 10.80
187.0 23.4 10.00-20 G 620.6 10.95
Tl‘ipleb 200.3 16.7 10.00-20 F 517.1 10.13
244.9 20.4 10.00-20 F 517.1 11.20
289.4 24.1 10.00-20 H 724.0 10.29
333.9 27.8 10.00-22 H 724.0 11.05
378.4 31.5 11.00-24 H 724.0 11.76

Note: 1 kN = 0.225 kip: 1 kPa = 0.145 [b/in%; and 1 cm = 0.394 in,

3 Center-to-center dual-tire spacing = 33 cm (13 in) for all conditions.
Axle spacing = 124 cm (49 in).

area of cracking (m?/1000 m2?),
area of patching (m?/1000 m2),
rut depth (cm), and

profilograph reading (cm/km).

Figure 1. Triaxle trailer used for loading.
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In addition, surface deflections, profile of the
pavement temperature, distribution of the subgrade
moisture, and weather data were collected. Detalled
information on field testing is available elsewhere
(11,12).

LOAD EQUIVALENCY FACTORS

As stated before, the load equivalency factors of
triaxle loading were determined by using both the
AASHO empirical approach and the mechanistic ap-
proach. The AASHO approach was used to compute the
equivalency factor of 338-kN (76-kip) triaxle load-

Figure 2. Sketch of test vehicle. ing only, whereas the mechanistic approach was used
GROSS WEIGHT: 102.61 KIP (456.4 KN) to consider a spectrum of triaxle loading of various
LIFT AXLE AIR PRESSURE: 115 PSI (792.9 KPa) 76,11 KIP (338.6 KN} intensities.
Ty w e
& S 3 AASHO Empirical Approach
Gk gl EF ER EP i
e wle ol il = o Of the 21 test pavements at the research facility,
,,E |5 z|z g" 55 only 12 pavements were not overlaid, surface

treated, or reconstructed, and they produced PSI
data for both 80~kN (18-kip) single-axle loading and
338-kN (76-kip) triaxle loading. The 55 000 repeti~-
tions of 338~kN triaxle loading, however, were not
i e sufficient to induce a noticeable decrease in PSI
R 55 ';‘)“‘—'*("‘Mq o 3 for 7 of the .12 pavements. Consequently,'only 5

pavements (sections 8, B, E, F, and G) provided PSI
data useful for computing the load equivalency fac-
tor of 338-kN triaxle loading. Figqures 4 and 5 il-
lustrate the PSI data of section 8 for 80-kN EAL and
338-kN triaxle loading, respectively. Data for
other sections are documented elsewhere (13). From
these PSI data, the loading equivalency factor can

|
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FIELD TESTING

Throughout the axle-loading history, rut depth was
measured biweekly every 12.2 m (40 ft) in both

wheelpaths. Surface cracking was surveyed and be computed as follows:

mapped biweekly. Surface roughness was measured in

both wheelpaths by using a MacBeth profilograph. Ef,s = (N1s/N76) - Ce 3)

The roughness factors obtained from the profilograph

data were converted into the present serviceability where

index (PSI) of the pavement by using the following

equations: Ef76 = load equivalency factor for 338-kN (76-kip)
triaxle loading,

PSI = 11.33 - 4.06 (log RF) - 0.014/C + P - 0.21 RD? ) Nyjg = number of 80-kN (18-kip) single equivalent
axle loading required to cause a PSI drop

RF = 63.267 +0.686 R @) of APSI,

N7g = number of 338-kN (76-kip) triple-axle load-
ing required to cause APSI, and

Cg = correction factor equal to the sum of the

PSI = present serviceability index, load equivalency factors of the test vehi-

RF = Mays meter roughness factor, cle's steering and drive axles.

where
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Figure 3. Plan and profile of experimental pavemants.
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Figure 4. Performance curves for 80-kN EAL, section 8.
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Figure 5. Performance curve for 338-kN triaxle loading, section 8.
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The rationale for this calculation is illustrated
in Figure 6. The loading intensities on the test
vehicle's steering and drive axles were 37.6 kN
(8.46 kip) and 80.3 kN (18.04 kip), respectively, as
shown in Figure 2. The load equivalency factors for

these two axle loads were 0.04 and 1.00, respec-
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tively. Therefore, the correction
equals 1.04.

The predicted PSI curve for 80-kN EALs shown in
Figure 6 was obtained by fitting the data points to
the AASHO equation in which the serviceability loss
is a power function of axle load applications. This
power function may be expressed in terms of g8 and
p, defined under Equation 4, below.

factor (Cg)

Gt = B(log Wy - log p) )
where

Gy = a function (the logarithm) of the ratio of
loss in serviceability at time t to the po-
tential loss taken to a point where p¢ =
1.5,

B = a function of design and load variables that
influence the shape of the serviceability
curve,

Wi = axle load applications at the end of time t,

p = a function of design and load variables that
denotes the expected number of axle load ap-
plications to a serviceability index of 1.5,
and

Py = serviceability at the end of time t.

Figure 5 shows that, in the approximately 55 000
applications of 338-kN triaxle loading, PSI values
of all five test pavements decreased almost linearly
with the number of axle load applications. There-
fore, a linear extrapolation was used, when neces-
sary, in the computation of load equivalency fac-
tors. To avoid extrapolating too far from the range
of the available data, a PSI drop of 0.50 was used
to compute load equivalency factors. For this PSI
drop, the terminal serviceability index values on
which the computation was based differed among sec-
tions: They were 2.45, 2.30, 1.83, 2.25, and 2.00,
for sections 8, B, E, F, and G, respectively. Re~
sults of the computation are presented in terms of
structural number in Figure 7. The data points
fluctuate, and no apparent trend on the variation of
load equivalency factors with structural number is
seen. For the range of structural numbers studied,
the load equivalency factor for 338-kN triaxle load-
ing equals approximately 2.60.

Mechanistic Approach

The mechanistic approach was used to extend the pre-
ceding results to a broad range of triaxle loading
intensity. According to Treybig and Von Quintus
(3), the equivalency factors of triaxle loading may
be determined by using the relation between the max-
imum vertical compressive strain on the top of the
subgrade and the equivalency factors of single-axle
loading, since the equivalency factors of tandem-
axle loading that were determined by using this re-
lation were close to the AASHO equivalency factors.
Note that this relationship was developed for flexi-
ble pavements similar to some of the pavements at
the AASHO road test and that no statistical tests
were presented. In all cases, the pavements modeled
in the computer program (ELSYM 5) consisted of gran-
ular (nonstabilized) base courses. Therefore, new
relations for flexible pavements that contain sta-
bilized base courses should be established, and sta-
tistical tests should be performed to assess the
dependability of the established relationships.
Initially, both single- and tandem-axle loadings
were input as the loading conditions to compute the
maximum vertical compressive strains on the top of
the subgrade. The computations were made by using
the bitumen-structures—analysis-in-roads (BISAR)
computer program (14) and the material properties
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are presented in Table 2. Details on the determina-
tion of material properties are reported elsewhere
(15). AASHO equivalency factors for these loads
were then calculated for a terminal serviceability
index (p¢) of 2.0. For each pavement section
analyzed, logarithmic transformations of both the
maximum vertical compressive subgrade strain and the
calculated AASHO load equivalency factor (E.F.) for
each axle load configuration were obtained. A
least-squares-regression analysis of log (ey)
versus log (E.F.) was then performed by using
MINITAB II (16).

Plots of both the single- and the tandem-axle
load equivalency factor relations for section 1C are
given in Figure 8 as an example. According to the
results of the analysis, the two log (ey) versus
log (E.F.) relations may be parallel but are not
necessarily colinear. From a statistical stand-
point, this discrepancy makes it impossible to pre-
dict triaxle equivalencies because a similar rela-
tionship for triples cannot be defined. This
conclusion may not hold true if error about the in-
putted AASHO equivalencies is considered. Recall
that the equivalencies used in these relations were
not measured but rather calculated by using a re-
gression function that was derived from an analysis
of AASHO road test sections. Indeed, since subgrade
compressive strains were determined directly from
elastic layer theory, neither ordinate nor abscissa
in the log (ey) versus log (E.F.) relations in
these analyses has error. This lack of error and
the existence of a functional relation between the
logarithmic transforms of load and the mechanistic
pavement strain account for the exact correlation
between Y and X in these relations. Nevertheless,
in lieu of additional information, the analyses show
that the relations for load equivalency factors are

Figure 7. Load equivalency factor of 338-kN triaxle loading.
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Table 2. Elastic constants of pavement materials.

Elastic
Modulus Poisson’s
Layer Description (MPa) Ratio
Surface course
Asphalt concrete, Spring 966 0.40
Asphalt concrete, Summer 186 0.40
Base course
Bituminous concrete (BCBC), Spring
Top sublayer 2207 0.35
Bottom sublayer 3034 0.35
BCBC, Summer
Top sublayer 138 0.35
Bottom sublayer 262 0.35
Aggregate-lime-pozzolan (ALP), Spring 16 552 0.15
Limestone aggregate cement (LAC), Spring 24 828 0.20
Granular subbase, Spring 331 0.40
Subgrade, Spring 55 0.45

Notes: 1 MPa = 145 Ibf/in2.
Evaluations are for initial pavement conditions.
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different for single axles and tandem axles, and,
therefore, one cannot predict triaxle equivalencies
from the relations of single or tandem axles.

It is possible, however, to establish the rela-
tion between the maximum vertical subgrade strains
and the load equivalency factors for triaxle loading
by using the trend of the relations for single- and

h

Figure 8. Relati w
AASHO load equivalency factors.
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Figure 9. Subgrade compressive strain versus load equivalency factor for
sections 4, B, and E.
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tandem-axle loadings together with the load equiva-
lency factor (2.60) of 338-kN (76-kip) triaxle load-
ing. This is accomplished by first plotting the
load equivalency factor of 2.60 against the maximum
subgrade strain for 338-kN triaxle loading, and then
drawing a straight line through this point parallel
to the lines for single~ and tandem-axle loads. Re-
lations are established for pavement sections B, E,
4, and 6 and are presented in Figures 9 and 10. For
section 6, the analysis was made for three seasons
so that the possible seasonal effect, if any, on
load equivalency factors could be observed.

From this newly established relation, the load
equivalency factors for various intensities of tri-
axle loading can be obtained by entering into this
line the maximum vertical subgrade strain corre-
sponding to each loading intensity. Results of the
computation are tabulated in Table 3. Note that, on
the basis of the semiempirical approach, the 1load
equivalency factors did not vary with seasons, as
Figure 10 illustrates. This 1is consistent with
AMSHO's results. Furthermore, the slight difference
in load equivalency factors of triaxle loading be-
tween sections, as shown in Table 3, was primarily
due to error involved in reading numbers from Fig-
ures 9 and 10. Rigorously speaking, this discrep-
ancy should not exist because the equivalency factor
(2.60) of 338-kN triaxle loading is assumed to be
constant with respect to structural number within
the range of conditions studied.

SIMUADY AN CONCTNIQ TONQ

The load equivalency factors of triaxle loading were
evaluated by using both the AASHO empirical approach
and the mechanistic approach. Specifically, the
AASHO approach was adopted to determine the equiva-
lency factors of 338-kN triaxle 1loading, and the
mechanistic approach was used to include a broad
range of triaxle load intensities.

To generate the required performance curves for
the AASHO approach, the experimental pavements were
subjected to approximately 55 000 repetitions of
338-kN triaxle loading. Based on the results ob-
tained from the experimental pavements, the load
equivalency factor of 338-kN triaxle loading was ap-
proximately 2.60 for the range of structural numbers
investigated and for a terminal serviceability index
of about 2.0.

For the mechanistic approach, the relations be-
tween load equivalency factors and the maximum ver-
tical strain on the top of the subgrade were estab-
lished for single- and tandem-axle loadings. These
relations, in logarithmic coordinates, were straight
lines parallel to each other. The load equivalency
factor of 338-kip triaxle loading and its corre-
sponding maximum subgrade strain were entered into
the fiqure, and a straight 1line parallel to the
lines for single- and tandem-axle loadings was
drawn. The load equivalency factors of various tri-
axle loading intensities were then obtained by en-
tering the maximum subgrade compressive strain of
each loading intensity into the relation. The com-
puted results are tabulated in Table 3.
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Table 3. Load equivalency factors and maximum vertical compressive strain on top of the subgrade.

Section B, SN = 3.78 Section E, SN = 2.86

Section 4, SN = 5.26

Section 6, SN = 4.94

Loading (kN) E¢ ev(10'4) E¢ EV(IO"") E¢ ev(10'4) E¢ Spring Summer  Winter
Single axle®

27 0.01 0.592 0.01 1.57 0.01 0.392 0.01 0.956 1.89 0.275

53 0.18 1.18 0.19 3.13 0.17 0.784 0.17 1.90 3.15 0.548

80 1.00 1.76 1.00 4.63 1.00 1,17 1.00 2.83 5.44 0.817
107 3.35 2.35 3.45 6.18 3.43 1.55 3.40 3.76 7.38 1.09
133 8.77 293 9.32 7.68 8.84 1.94 8.72 4.69 9.18 1.36
160 19.33 3.50 21.37 9.12 19.25 2.32 19.01 5.59 10.9 1.62
178 31.61 3.88 34.71 10.1 30.34 2.58 30.03 6.21 121 1.80

Tandem axle

80" 0.08 0.964 0.08 2.53 0.07 0.695 0.07 1.46 2.78 0.450
116* 0.35 1.39 0.36 3.36 0.35 0.998 0.35 2.10 3.96 0.630
1512 1.08 1.81 1.08 4.38 1.08 1.30 1.08 2.73 5.16 0.824
1872 2.62 2.24 2.65 5.39 2.64 1.61 2.64 3.38 6.36 1.02
222 5.2 2.65 5.6 6.41 6.0 1.92 5.80 4.01 7.56 1.21
267° 11.1 3.18 12.0 7.65 12.6 2.30 12.60 4.80 9.02 1.45

Triple axle?

67 0.0028 0.577 0.0025 1.30 0.0030 0.444 0.0026  0.833 1.53 0.258
111 0.024 0.962 0.022 2.16 0.024 0.739 0.024 1.38 2.52 0.430
156 0.101 1.35 0.10 3.02 0.11 1.04 0.10 1.93 3.52 0.601
200 0.30 1.73 0.29 3.86 0.30 1.33 0.29 2.48 4.49 0.771
245 0.70 2.11 0.67 4.69 0.70 1.62 0.70 3.18 5.45 0.939
289 1.44 2.50 1.30 5.56 1.40 1.92 1.40 3.57 6.47 1.11
334 2.50 2.87 2.50 6.39 2.50 2,22 2.50 4.10 7.43 1.28
338 2.60 2.91 2.60 6.45 2.60 2:25 2.60 4.15 7.53 1.30
378 4.30 3,25 4.20 7.20 4.60 2.51 4.40 4.64 8.37 1.44
423 7.00 3.63 6.60 8.03 6.70 2.80 7.00 5.18 9.33 1.61
467 10.4 4.01 10.0 8.82 11.0 3.09 10.7 5.70 10.2 1.78
512 15.0 4.38 15.0 9.63 16.5 3.39 16.0 6.23 112 1.96

Note: 1 kN = 0.225 kip.

a1 oad equivalency factors were obtained from AASHO road test.
Load equivalency factors were from Figures 8 and 9, except for 338-kN (76-kip) triaxle loading, which was estimated by using the AASHO empirical approach,

of Transportation or the Federal Highway Administra-

tion.
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Constitutive Equation for Permanent Strain of Sand

Subjected to Cyclic Loading
RODNEY W. LENTZ AND GILBERT Y. BALADI

Numerous rational methods for flexible pavement design and rehabilitation
have been proposed to overcome some of the deficiencies of current empirical
methods. Most of these rational methods predict permanent deformation in
subgrade materials so that a pavement structure may be selected that will limit
permanent deformation under the application of traffic loads. Thus, proce-
dures for characterizing permanent deformation of subgrade materials are re-
quired in each of these methods. This paper presents a constitutive equation
for predicting lated per strain of sand subgrade material after
any number of repetitions of load. The parameters needed as input to the
equation are obtained from a static triaxial test. To develop the equation,
duplicate samples were testad by using both static triaxial apparatus and a
closed-loop electrohydraulically d triaxial system. The dy ic test
results were normalized with respect to parameters obtained from the corre-
sponding static triaxial test. The difference in the normalized cyclic principal
stress showed a unique relationship to the normalized accumulated permanent
strain. This relationship was found to be independent of moisture content,
density, and confining pressure. Based on these findings, a constitutive equa-
tion for permanent strain was developed.

Most design agencies base their procedures for
pavement design on empirical design nomographs
coupled with empirical subgrade strength parameters,
individual eapeiieice, and loocal
conditions. The trend toward ever-increasing axle
loads on highway and airport pavements has revealed
serious shortcomings of empirical design methods for
flexible pavements. These methods lack the ability
to predict the amount of deformation anticipated
after a given number of load applications. When
pavement load exceeds the range for which perfor-
mance data are available, empirical methods fail.
Since soil is known to behave in a nonlinear fash-
ion, performance under higher axle loads cannot be
extrapolated from performance at lower load levels.

Numerous rational methods for flexible pavement
design and rehabilitation have been proposed to
overcome this deficiency. These are usually quasi-
elastic (elastic theory to predict stresses coupled
with permanent strains determined by repeated load
laboratory tests) (1l). Some methods also use visco-
elastic theory together with laboratory testing
(2,3). To be useful, these methods must have the
capability of predicting cumulative permanent defor-
mations in subgrade materials so that a pavement
structure may be selected that will limit permanent
deformation under traffic loading to an acceptable
level. This requires the development of an adequate
constitutive equation for prediction of permanent
strain (3,4). Further, the method used to evaluate
the constants in the constitutive equation should be
simple, economical., and not require new and compli-
cated expensive equipment or testing procedure. A
constitutive equation that meets these criteria is
presented in this paper.

snwriranmantal

BACKGROUND

Parameters that affect the accumulation of permanent
strain in cohesionless material have been reported
to be number of load repetitions, stress history,

confining pressure, stress level, and density
(1,3,5-12). A review of these effects is given by
Lentz (10).

The effect of number of 1load repetitions on
permanent strain has been reported by several inves-—
tigators to be a straight=-line relationship on a
semilogarithmic plot Cyclic stress versus permanent

strain curves have been shown to be analogous to
static stress-strain curves (6,10-12) and describ-
able by using hyperbolic functions developed for
static test results (13,14). The results of cyclic
triaxial tests can be normalized by using parameters
obtained from static triaxial tests performed on
duplicate samples (12). The difference in normal-
ized principal stress showed a uniqgue relationship
to the normalized accumulated permanent strain.
This relationship was found to be independent of
moisture content, density, and confining pressure.

Testing Procedure and Equipment

The material used in the testing program was uni-
form, medium sand typical of that found in the
northern half of Michigan. Duplicate triaxial
samples were tested by using both static triaxial
apparatus and a closed-loop electrohydraulically
actuated triaxial system.

Three levels of confining pressure (o3 = 5,
25. 50 1b/in?) and two levels of density were used
(y = 99 percent AASHTO T-99 and 99 percent AASHTO
T-180) . For each combination of these variables,
several levels of cyclic principal stress difference
(og) were used. Because stress history has a
large influence on permanent strain, a new sample
was required for each combination of variables.
Details of the testing procedure are described
elsewhere (10).

Test Results

It has been shown elsewhere (10-12) that the data
for each sample could be approximated by a straight
line on a plot of permanent strain versus logarithm
of number of load cycles. Least-squares technique
was used to pass a best fit straight line through
each set of data. The equation of the line is of the
form

g=atblnN 1)

where

€ accumulated permanent strain,

E number of load repetitions, and

a and b = regression constants from least~squares
best fit.

The constant a represents the permanent strain
that occurs during the first cycle of 1load. The
constant b represents the rate of change in perma-
nent strain with increasing number of load repeti-
tions. The values of a and b are, of course, dif-
ferent for each sample, depending on density, con-
fining pressure, and level of cyclic principal
stress difference.

DISCUSSION OF RESULTS

The principal objective of this research project was
to obtain a constitutive relationship that will
predict the amount of permanent strain under any
number of load applications at any specified stress
level. This relationship should account for sample
variables (e.g., density or moisture content) and
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confining pressure as well as cyclic principal
stress difference and number of load applications.

Equation 1 expresses the cumulative permanent
strain as a function of the number of load repeti-
tions. Parameters a and b of the equation were
thought to represent characteristics of the sample
behavior under the particular testing conditions.
Thus, it was convenient to develop the constitutive
relationship by starting from Equation 1. Recall
that the value of parameter a represents the perma-
nent strain due to the first-load application. The
value of parameter b indicates the rate at which
permanent strain accumulates with increasing number
of load repetitions. Therefore, if parameters a and
b are expressed as functions of the sample vari-
ables, the testing conditions may provide the de-
sired constitutive relationship.

It was shown (l12) that the static stress-strain
results of a sample of sand can be used to predict
the cumulative permanent strain of an identical
sample tested wunder cyclic loading conditions.
Changes in material or testing conditions are re-
flected by changes in static stress-strain behavior
and in parameters a and b. Thus, normalization of
the cyclic stress and strain with respect to static

Parameter b, (x 10-4)

stress and strain will eliminate or reduce the
effect of these variables. Note that the static
stress-strain data should be obtained from a sample
identical in every respect to the dynamically tested
specimens. This required one static test for each
combination of density, water content, and confining
pressure used in the dynamic testing program.

Figures 1 and 2 show plots of cyclic principal
stress difference versus parameters a and b, respec-
tively, for three different confining pressures.
The values of cyclic principal stress difference
plotted in Figure 1 were normalized by dividing by
the peak static strength (S3) from the correspond-
ing static triaxial test. The values of parameter a
were likewise normalized by dividing by the static
strain that corresponds to a stress equal to 95
percent of S3. The procedure for determining this
normalizing strain (60-9556) has been described else-
where (12). After the above normalizing procedure
was applied, the data from Figure 1 were replotted
in Figure 3. Examination of this figure indicates
that the data from all tests collapsed together to
form a single curve. By inspection, it was found
that this curve could be represented by the follow-
ing function:
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3/€5.9554 = In(1 - 04/Sq)™ !5 )

where

a = regression parameter from Equation 1,
€0.958q = stat%c strain at 95 percent of
static strength,
og = cyclic principal stress difference,
and
Sq = static strength.

This can be rewritten to give

a=€gos54In(1 -0a/Sa) " 3)

Figure 3. Relationship between normalized cyclic principal stress difference
and normalized parameter a.
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A plot of normalized principal stress difference
versus parameter b of Equation 1 is shown in Figure
4. Study of the figure shows that the effect of
sample density vanishes, but each value of confining
pressure yielded a distinctly separate curve. Note
that the shapes of these curves are similar to
static stress-strain curves.

Hyperbolic functions can be used to approximate
static stress-strain curves (13,14). The applica-
bility of hyperbolic function to describe the rela-
tionship between cumulative permanent strain and
cyclic stress at a specific number of load applica-
tions has been demonstrated for unstabilized base
material (6) and for fine-grained subgrade soil

(15). Since the curves in Figure 4 appear similar
in shape to static stress-strain curves, it seems
reasonable to extend the use of the hyperbolic
relationship to describe them. The hyperbolic

1.0 relationship used by others (15) to describe cyclic
principal stress difference versus permanent strain
is of the form

0.9k
a4 = ep/(n+ mep) (C))

0.8}—

@ where
=
2 o0.7f .
o ) n and m = regression constants,
ol 3 €p = cumulative permanent strain, and
i g 0.6 = g = cyclic principal stress difference.
wik
]
g‘: " SL Modification of Egquation 4 so that it applies to
e 0. the relatinnship between normalized cvclic principal
§L§ stress versus parameter b (shown in Figure 4) yields
af, 0.4 the following:
e afe - n(1-%,. yO15
o o3k O 0.95 S /s4 04/Sq = b/(n + mb) 6)
5 B vy = 99% AASHTO T-180
O © o4 = 5.0 psi This can be rewritten in linear form to give
0.2 O o5 = 25.0 psi
= 50.0 psi
9 2 g b/(04/Sa) =1+ mb ©)
0.1 vq = 99% AASHTO T-99
A o, =5.0 psi Least-squares technique was used to obtain the
| | | | best-fit straight lines represented by Equation 6
0 0 0.1 0.2 0.3 0.4 for the data at each confining pressure. The values
’ Parame.ter a ’ ’ of n and m that were determined are shown in Figure
Static Strain at 0,95 Peak Static strength 4 along with plots of the resulting hyperbolic
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Figure 5. Relationship b fining pressure and regression constants

n and m.
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curves and coefficients of correlation. Inspection
of the figure indicates that the hyperbolic rela-

tionship fits the data rather well. Rearrangement
of Equation 6 and solving for b yields
b =(04/S¢)n/[1 - m(04/84)] 0]

Note that the coefficients n and m in Equation 7
have different values for each confining pressure.
Thus, to complete the constitutive equation, n and m
should be expressed as functions of confining pres-
sure. The values of n and m were plotted against
the confining pressure in Figure 5. Examination of
the figure indicated that n can be related to con-
fining pressure by a linear function. The relation-
ship for m was found to be logarithmic. Equations 8
and 9 were obtained by using least-square fitting
technique to represent these functional relation-
ships:

n=(0.809 399 + 0.003 76903) x 10 8)

m=0.856 355+ 0.049 650 1n 03 )

where o3 is the confining pressure in pounds per
square inch.

The completed constitutive equation can be ob-
tained by substituting the expressions for param-
eters a (Equation 3) and b (Equation 7) into Equa-
tion 1. These substitutions yield

€p = €0.9554 (1 - 04/Sa) % + (04/Sa)n/[1 - m(04/Sq)] In N (10)

where n and m are given by Equations 8 and 9, re-
spectively.

To check the reliability of Equation 10, values
of accumulated permanent strain at the end of 10 000
cycles were calculated by using Equation 10. These
calculated values were plotted in Figure 6 versus
permanent strain measured during the cyclic triaxial
testing program. Note that the points plotted in
Figure 6 represent samples tested at three different
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Figure 6. Comparison of d and calculated petmanent strain at
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confining pressures and two different densities.
Perfect correspondence between calculated and mea-
sured permanent strain would result in the plots of
all points being along a 45° diagonal 1line. This
diagonal line, along with lines that indicate a
deviation of 10 percent and *20 percent from it
are also shown in the figure. 1Inspection of Figure
6 shows that most of the data points fall close to
the 45° line. This indicates a good correspondence
between measured and calculated values. Note,
however, that the data used to derive the constitu-
tive equation are from the same samples used for the
measured permanent strain plotted in Figure 6.
Thus, the figure indicates how well the equation
fits the data it was derived from rather than its
predictive capability.

To examine the predictive capability of Equation
10, three additional samples were prepared at a
density of 99 percent of AASHTO T-99. One of these
samples was tested in a static triaxial test to ob-
tain the parameters (8g and 50.9586) that are

needed in Equation 10. These values were used to
calculate the cumulative permanent strains for the
other two samples at two different stress levels.
These calculated values were then compared with
measured permanent strain. This comparison yielded
results similar to those presented in Figure 6.
Note that the only parameters needed in Equation 10
can be obtained from a static triaxial test con-
ducted at the expected density and confining pres-
sure.

CONCLUSION

This paper has presented a constitutive equation
that will predict the amount of permanent strain
that will occur under any number of load applica-
tions at any specified stress level. The equation
accounts for sample and test variables and requires
only the results of a static triaxial test. The
development of this equation was based on results
from a single sand subgrade material. Hence, addi-
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tional research is needed to extend the usefulness
of the equation to a wider range of subgrade mate-
rials. Once additional research has verified or
modified these findings, use of this constitutive
equation for predicting permanent strain should
result in significant saving of laboratory time and
equipment because only static triaxial test results
are required for its use. Also, rational methods of
pavement design, which require characterization of
permanent strain behavior, will be more likely to
gain guick acceptance by practicing engineers if
they have available such a simple means of predict-
ing permanent strain.
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Evaluation of In Situ Elastic Moduli from Road-Rater

Deflection Basin

b3

M.C. WANG AND B.A. ANAN!

This paper presents a computer method for evaluating the in situ modulus of
pavement layers from road-rater deflection basins. The method that is devel-
oped on the basis of the results of a theoretical analysis uses the bitumen-struc-
tures-analysis-in-roads (BISAR) computer program and the procedure of suc-
cassive approximation. The method was used to evaluate the in situ modulus
of experimental pavements at the Pennsylvania Transportation Research Facil-
ity. The computed modulus values were analyzed statistically to determine
the factors that most significantly influence the in situ modulus of each pave-
ment layer. Results indicate that, for the bituminous concrete surface and base
materials, the sum of y surface perature and the average five-day
air temperature prior to the defl ts is the most significant
among the factors analyzed. For the subbase material, no single influential
factor is identified as significant. The subgrade modulus is influenced most

by the subgrade water content, as expected.

One major difficulty in response analysis of pave-
ment structure is to determine the elastic moduli of

pavement constituent layers. Two methods are cur-
rently available for modulus determination. One
method is by means of laboratory testing on speci-
mens either compacted in the laboratory or extracted
from the pavement structure; the other method is by
nondestructive testing on the pavement surface.
Because of its relative ease in data collection in
addition to the advantage of nondestruction to the
pavement structure, the method of using surface-de-
flection basins to determine elastic modulus is
preferred. Further, of the various instruments
available for surface-deflection measurement, the
road rater has received increased use due to its
relatively high degree of mobility. For these
reasons, this paper presents a method for evaluating
the in situ elastic modulus from road-rater sur-
face-deflection basins.
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Table 1. Variation of surface deflection with layer modulus.

Surface Deflections [x 1077 in (lb/inz)]

Moduli 35, 35, 35, 35,
aEl 0.009 00 0.000 23 0.000 08 0.000 00
3E, 001967 000467  0.00010  0.000 00
3E, 0.006 10  0.00420  0.00180  ©.000 01
0E, 0.510 00 0.470 00 0.410 00 0.326 00

Note: Variations are derived by dividing the surface deflections by the moduli.

THEORETICAL CONSIDERATIONS

The majority of available solutions for evaluating
elastic modulus from surface-deflection basins has
been limited to two-layer pavement systems (1,2).
For three-layer systems, assumptions have been made
so that essentially only two modular ratios are
unknown (3). Because explicit equations of surface
deflection as a function of elastic modulus are
available only for a maximum of three elastic layers
(4), Burmister's approach (5) is used to formulate
such equations for flexible pavements that contain
surface, base, subbase, and subgrade.

In the formulation, the pavement is idealized as
an elastic system composed of three elastic layers
that overlay the elastic half space, and the traffic
loading is represented by a uniform circular load-
ing. With this axisymmetrical loading condition,
the surface deflection can be determined from the

equilibrium and compatibility equations. The gen-
eral expression contains Airy's stress function
(¢) , which is defined as follows:

¢ =J,(mr)(A;e™? - B;e™? + C;Ze™* - D, Ze'™%) (1)

where m is a parameter and J, (mr) is a Bessel
function of the first kind of order zero. Aj,
By, Cijr and D; are constants that must be
chosen to satisfy the boundary conditions and the
biharmonic equation v* ¢ = 0. The subscript i
refers to the number of layers under consideration;
r and z are radial and vertical coordinates.

Equation 1 indicates that there are four unknowns
for each layer and, therefore, a total of 16 un-
knowns for a four-layer system. However, since the
stresses and displacements are very small when Z
approaches infinity, 2 unknowns equal zero, and the
total number of unknowns becomes 14. These 14
unknowns may be solved from 14 equations that can be
derived from the following boundary conditions:

1. At the top of the surface layer, the shearing
stress equals zero;

2. At the top of the surface layer within the
loaded area, the normal stress equals the applied
pressure; and

3. At interlayer contacts, a welded bond is
assumed (with this assumption, the vertical and
radial displacements and vertical and shear stresses
above and below the interface must be equal; thus,
there are 4 equations at each interface and 12
equations altogether for the three interfaces in a
four-layer system).

Details on the formulation of these equations are
given by Anani (6). Anani also developed a computer
program based on the method of Gaussian elimination
to solve the 14 unknowns.

The general equation for the pavement surface
deflection at distance r from the loading center is
shown below:

85t(t) = (-1.5 qa/E,) f, Jo(mr)(A;m?¢™ - Byme™ - C;e™ + Dye™)dm  (2)
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In this equation, A;, Bj, Cj, and Dy are
functions of elastic moduli and layer thicknesses.
The complete functions are given elsewhere (6). As
shown, the equation of surface deflection involves
nonlinear terms of modulus values.

According to Equation 2, the surface deflections
at different radial distances are unique. There-
fore, for a four-layer system where the surface
deflections at four radial distances are known, the
modulus value of each individual layer can be deter-
mined theoretically. Because of the extreme com-
plexity of the equation, however, direct solution is
not possible at this time. For this reason, instead
of seeking direct solutions, these equations are
used to investigate the effect of changing the
modulus value of one layer on the surface deflec-
tions.

SENSITIVITY ANALYSIS

Within the practical range of modulus values, the
modulus of each pavement layer is assumed. To
determine the rate of change of the deflection at a
point (8(r)] with respect to Ej of one layer,
the modulus value is increased and also decreased by
the same amount, which is approximately 0.1 percent
of the original modulus value. Let E;j' and E;"
denote the two new modulus values and §'(r) and
§"(r) denote the corresponding surface deflections
when the modulus values of other layers remain
unchanged, then the rate of change of surface de-
flection with respect to the change in layer modulus
equals

38(r){OE; = [6(r) - 8°(r)] /(E"- Ey") @

The analysis is made for a flexible pavement that
has layer thicknesses of 1.5, 8, and 8 in for the
surface, base, and subbase courses, respectively.
The modulus values wused are 300 000, 500 000,
45 000, and 30 000 1bf/in%?, and the Poissons'
ratios are 0.35, 0.35, 0.40, and 0.45 for the sur-
face, base, subbase, and subgrade materials, respec-
tively. Surface deflections are computed at four
locations: 0, 1, 2, and 3 ft from the center of a
circular load. A uniform pressure of 13.0 1lbf/in?
is used. These distances and pressures correspond
to the conditions used in the road-rater deflection
measurement.

Table 1 summarizes the results of analysis. As
indicated, the rate of change of subgrade modulus
has the most-pronounced effect on the deflection
basin. The effect of change of surface and base
moduli on the surface deflection appears to be
noticeable only at distances 0 and 1 ft from the
loading center. The deflection at the furthermost
point (3 ft from the loading center) seems to be
affected solely by the change in the subgrade modu-
lus. According to these results of analysis, the
surface-deflection basin can be expressed as a
function of elastic modulus as follows:

81 = £,(Ey, By, By, Ey) @
8 = f5(Ey, By, B3, By) ©)
83 = f3(Es3, Eq) ©®
84 = £4(Eq) W)

The last two approximate expressions provide a
reasonable degree of accuracy for the range of
conditions analyzed. Thus, according to Equation 7,
there is only one value of Ey associated with a
deflection value 84 Once E4, is obtained, the
unique value of Ej3 can be determined from Equation
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Table 2. Results of modulus evaluation for section 2,
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E; E, Ej3 Eg4 RRD1 RRD2 RRD3 RRD4 3T AT MC
(Ib/in?) (1b/in?) (Ib/in?) (Ib/in?) (10%in) (10%in) (10%in) (10%in) EAL CH  CPh @
693 418 860132 45803 41 340 324 231 206 143 7560 61 43 18.1
320 190 486 364 47350 32150 608 416 238 117 569510 109 73 18.8
330513 584769 42165 32163 542 382 226 138 642812 110 80 18.8
392 574 792560 36 861 34390 472 345 214 117 733 739 80 75 19.4
890 135 1205347 47485 43175 354 265 198 122 810 241 33 45 17.9
860 337 913111 32758 20 470 331 272 202 151 914 134 48 41 20.2
840 947 810543 36250 17 831 393 313 223 163 1031520 54 37 21.4
390 349 547584 31676 28 964 531 336 221 156 1082 450 89 64 19.1
943 650 870569 39 596 25 640 455 365 262 196 1259 840 47 35 19.7
830 930 792681 40855 24765 416 358 231 162 1366 250 54 37 21.0
717 537 825756 43 564 25973 397 332 220 170 1423 750 40 54 20.1
494 637 603568 49137 22623 425 343 211 179 1487 650 85 60 19.2
946 567 1103765 36784 22259 568 409 295 177 1700 660 34 45 20.0
538 027 798098 41422 33623 531 413 337 220 1749 950 43 54 21.0
354 930 556 960 34450 35360 517 377 227 118 1959 520 93 76 18.8

6. The determination of unique values of E; and
E, is not as simple because both §; and &,
can vary with both moduli. 1In this study, in order
to ensure that the solution for E; and E; is
reasonable, a ratio of E;/E, of 0.7 is used;
this ratio is determined from laboratory resilient-
modulus testing on core samples.

METHOD OF EVALUATION

tho use of the hitu-
men-structures-analysis-in-roads (BISAR) computer
program and the procedure of successive approxima-
tion. As the first step in this method, a set of
initial values of the modulus is assumed. By using
the BISAR computer program, the deflection values
81, 69+ 63, and &4, which correspond to the assumed
modulus values, are calculated. These calculated
deflections are compared with the deflections
obtained from the four geophones of a road rater,
designated here as RRD1, RRD2, RRD3, and RRD4, and
the assumed modulus values are corrected.

The correction begins from the subgrade modulus
(E4). To ensure a gradual convergence and also to
avoid a drastic correction that might greatly influ-
ence the other modulus values, only one-half of the

discrepancy is adjusted. Thus, the newly assumed
value of E; is
E4p 0w = Bagg X [(RRD4 +64)/2] /RRD4 8)

with this new E,; value and the previously
assumed modulus values for other layers, a new set
of § values are calculated. By using the newly
computed values of §, a procedure similar to that
described above is followed to adjust the subbase
modulus (E3). The new E; value is computed from

the previous value by using the following equation:

Es, ., =Ea,q x [(RRD3 + §3)/2] /RRD3 ©)

Then, the deflection values are computed for the new

E3 and previous Ej;, E;, and E; values. By
using these computed deflection values, the base-
course modulus (Ej) is adjusted as follows:

Eznew = E20jq X [(RRD2 +52)/2] /RRD2 (10)

After the new set of deflections is calculated, the

surface modulus (Ej) is corrected by using the
equation below:
Ei,eu = E1yq X [(RRD1 +561)/2]/RRD1 1)

Thus, one complete iteration has been made where new
modulus values have been generated. The second

iteration begins from the correction of the subgrade
E4, by following the same procedure. This itera-
tion process is repeated until the differences
between the calculated and measured deflections for
all four sensors (geophones) are within the speci-
fied tolerance. A 5.0 percent error is considered
allowable for §;; however, a 1.0 percent error
is the maximum allowed for the other deflections.
This difference in the allowable limits is necessary
because more iterations are needed to converge on

&7 than on  othara. Tn aeneral. it takes only
about 4 iterations for §; and as many as 20
iterations for §3 to converge the computed

deflections to the measured deflections.

Note that since there are only four geophone
readings in a road-rater deflection basin, the
procedure is valid only for a maximum of four-layer
systems. However, the procedure can be easily
adapted for elastic systems that have greater num-
bers of layers if more sensor readings for a deflec-
tion basin are available.

IN SITU MODULUS

The in situ modulus values of experimental pavement
at the Pennsylvania Transportation Research Facility
are evaluated by using the preceding procedure; the
results of modulus evaluation for section 2 are
summarized in Table 2. Included with the modulus
values are road-rater deflections, surface tempera-
tures (ST), five-day average air temperatures prior
to deflection measurements (AT), subgrade moisture
contents (MC), and the equivalent 18-kip single-axle
loads (EAL). This pavement section has a 2.5-in
dense-graded, hot-mixed bituminous concrete surface,
6-in bituminous concrete base, 8-in crushed lime-
stone subbase, and silty clay subgrade. The deflec-
tion basins are obtained by using a model-400 road
rater operated at 25 Hy vibration frequency. The
pavement section is 220 ft long and the sites of
deflection measurements are marked on the pavement
surface 25 ft apart. The deflection readings are
averaged for the test section for each particular
date.

The modulus data for other test pavements are
documented in a research report (7). Also included
in the report are the results of statistical analy-
ses for the variation of the modulus values with
various influential factors, such as air and pave-
ment temperatures, subgrade moisture, EAL, layer
thickness, and others. Results of the analyses
indicate that both the surface modulus and the base
modulus are most influenced by the total tempera-
ture, which is the sum of the pavement surface
temperature and the average five-day air tempera-
ture. As expected, both modulus values decrease
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with an increase in total temperature. The subgrade
modulus is only affected by the subgrade moisture
content; the higher the water content, the lower the
subgrade modulus. For the subbase modulus, no
single factor can be considered as significant,
namely, the subbase modulus remains almost constant
throughout the test facility and the testing period.

SUMMARY

Based on the results of a theoretical analysis, a
method for evaluating the in situ moduli of pavement
constituent layers from road-rater deflection basins
was developed. By using this method, the moduli of
pavement layers at the Pennsylvania Transportation
Research Facility were evaluated.
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Fabric Use in Low-Deformation Transportation

Support Systems

M. R. THOMPSON AND L. RAAD

The feasibility of using fabrics in the construction or rehabilitation of conven-
tional transportation support systems such as secondary roads or track beds was
considered. Structural improvement concepts were analyzed. Several theoreti-
cal behavior models (ILLI-PAVE, LSTRN3, BISAR, and a simplified confine-
ment model) were used in the structural analyses of soil-fabric-aggregate (SFA)
systems. Structural improvement effects, as evidenced by ILLI-PAVE, calcu-
lated vertical stress distributions, and vertical deflections in a conventional SFA
system are not achieved, thus previous experimental data are confirmed. How-
ever, BISAR structural analyses of a typical SFA system indicated the beneficial
effects of no slippage conditions at the aggregate-subgrade interface. A simpli-
fied confinement model indicated that, if significant permanent deformation

is developed in an SFA system, a substantial percentage increase in confinement
can be developed. Proposed SFA behavior mechanisms indicated that a stage
construction sequence for low-traffic-volume roads and track systems provided
for use of the full potential (separation and structural improvement) of fabrics
in SFA systems,

Laboratory studies and field performance data have
shown that soil-fabric-aggregate (SFA) systems are
effective for soft soil (large rut-depth develop-~
ment) applications. Equivalent performance (SFA -
conventional aggregate layer construction) can be
achieved with a reduced aggregate thickness if a
fabric is installed at the soil-aggregate interface.

The success of SFA systems for soft soil applica-
tions has led to the development of increasing

interest in the potential of fabric use in conven-
tional transportation support systems (e.g., rail-
roads, highway pavements, and airfield pavements).
The major difference between conventional transpor-
tation support and SFA systems constructed over soft
soils is the magnitude of tolerable levels of rut
development and surface deflection. Permissible
levels of rutting and resilient deflection for
conventional transportation support systems are on
the order of 1.5 and 0.500 in (38 and 12.7 mm),
respectively. Rut depths on the order of 3-5 1in
(76-127 mm) and resilient deflections in excess of 1
in (25.4 mm) are commonly incurred in SFA systems on
soft soils.

The influence of fabric on the structural be-
havior and performance of low-deformation (SFA)
systems is not well established. The purpose of
this paper is to investigate potential mechanisms of
improvement and thereby determine the feasibility of
using fabrics in the construction or rehabilitation
of conventional transportation support systems such
as primary and secondary roads and trackbeds.

EFFECTS OF STRUCTURAL IMPROVEMENT

Fabrics are thin and exhibit resistance to applied
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tensile forces but little resistance to compressive
forces. To simulate this structural behavior, the
fabric should be treated as an element that can
carry tension but no compression.

Fabric stiffness is defined as the force required
to produce a unit displacement. If the given fabric
is replaced by a transformed section of the same
stiffness, the modulus of the transformed section is
given by

Eg= Er Tp/TE @

where Ep and Tp are the modulus and thickness of
original fabric and Ep and Ty are the modulus
and thickness of the transformed section. The
transformed section concept was used (1) to demon-
strate how the responses of a soil-fabric system are
affected if the original fabric is replaced by an
equivalent transformed section. An elastic-based
finite-element computer model (LSTRN 3) (2) that
incorporates truss type elements (elements can carry
tension but not compression) was used. Results of
analysis indicate that lateral strains in the fab-
ric, vertical subgrade stresses and strains, and
surface deflections are not affected if the trans-
formed section has a thickness that does not exceed
12 times the thickness of the original fabric.

The transformed section concept was used in
available nonlinear finite element (ILLI-PAVE) and
linear elastic (BISAR) programs to analyze SFA
systems.

Resilient Behavior Considerations

The potential effect of a fabric layer on a SFA
system was considered by using ILLI-PAVE (a stress-
dependent finite-element model developed at the
University of 1Illinois). A typical low-traffic-
volume road section [8 in (203 mm) of crushed stone]
and a very soft subgrade were assumed. The very
soft subgrade condition accents any beneficial
effects of the fabric (increased fabric tensile
forces are developed at high deflections). ILLI-
PAVE assumes full friction (no slip) at all material
interfaces. Fabric properties [modulus = 30 1b/1
percent (0.13 kN/1 percent), Poisson's ratio = 0.2]
were used. Subgrade and granular resilient prop-
erties are shown in Figure 1. Subgrade shear
strength (cohesion) was 3 1lbf/in? (20.7 kPa). A
¢ angle of 40° was assumed for the granular mate-
rial. Pavement loading was a 9-kip (40-kN) wheel
load and 80 1lbf/in? (551 kPa) tire pressure.

Results of analysis show that there is no fabric
effect on vertical stress distribution, failure
zones in the granular base, and deflection pattern
{Figure 2) in the pavement section.

Previous experimental studies (3-6) and data from
this study have demonstrated that the resilient
behavior of SFA systems is not significantly influ-
enced by the presence of a fabric. The ILLI-PAVE
data confirm that finding. Note that the surface
deflection of the pavement was only 0.070 in (1.78
mm). Such a small deflection is not sufficient to
mobilize the fabric tensile reinforcement effect.

Slippage Considerations

The BISAR elastic layered program can accommodate
slippage between layers. The crushed stone-fabric
section was analyzed for no slippage and complete
slippage. Comparative deflection data for the two
conditions are shown in Figure 3.

Slippage at the interface between the granular
base and subgrade increases the resilient deforma-
tions of the pavement, which would hasten its rate
of deterioration. Use of fabric at the interface
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should reduce the slippage effect and therefore
improve performance. Reduction of resilient deflec-
tions is most pronounced in the subgrade and could
be as much as 30 percent.

Figure 1. Resilient properties of subgrade and granular materials.

\=4
e 40— Subgrade
w
2
3 30—
O
=
L=
2 20— Shear Strength =20.7 kPa
‘@
@
@
& 10—
ul
o | ] | | l | =
s} 10 20 30 40 50 60 70
Ip Deviator Stress, kPa
Granular Material
g ' T T T T T T
s 300[— 1
g Note: 1kPa = 0,145 Ibf/in2, /
2
= 200 1
e
2
‘»
Q0
o«
"
o
100 Eg=9876%%° ]
4 ¢ =40°
6 | ] | | | - |
69 100 200 300 400 500 600

8 =0, t20,,kPa

Figure 2, Fabric effect on vertical deflections (ILLI-PAVE model).
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Figure 3. Effect of slippage on vertical deformations (BISAR model).
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Figure 4. Increased confinement-effect model.
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Increased Confinement Considerations

As the SFA system deforms, increased lateral confin-
ing pressures develop due to the horizontal compo-
nent of the normal stresses at the fabric-subgrade
interface. If the fabric-subgrade interface is
level, no horizontal component of the normal stress
is mobilized.

BAssume that the aggregate layer is incompressible
and the deformed shape of the fabric is approximated
by a circular arc, as shown in Figure 4. If we
ignore the confining effect of shear stresses and
tensile stresses in the fabric (they act in opposite
directions), the following can be demonstrated:

Acfo = [Py (/KK h (h+ )] (1+a) )]
where
a=Ay/A, €)
P, = applied surface pressure;

o
r = radius of loaded area;
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Figure 5. Increase in confinement for SFA systems.
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Kg = modulus of subgrade reaction;
k, = coefficient of earth pressure at rest;
h = thickness of granular layer;
Ao/a = increase in confinement at interface
due to deformation of fabric, expressed in
terms of original confinement (o) before
fabric deforms;
Ap = permanent deformation; and
Ay = resilient deformation.

For example, for Kg = 50 (lbf/in?)/in (13.5
MPa/m), h = 6 in (152 mm), r = 6 in (152 mm), Py =
80 1bf/in? (551 kPa), and K, = 0.5. Then,
Acg/o = 0.27 (1 + o).

For Kg = 150 (lbf/in?)/in (40.7 MPa/m). Then

Aa/o = 0.09 (1 + qa).

Ao/o relations represented by the last two
calculations are shown in Figure 5. Note that
Ag/o improvements on the order of 80 percent are
realized for soft subgrade conditions and o values
(Ap/Ar) of approximately two. It is appar-
en that the increased confinement effects are
accentuated for the soft subgrade condition.

Small increases in confining pressure signifi-
cantly improve the shear strength, stiffness, and
permanent deformation behavior of granular mate-
rials. The improved characteristics of the granular
material should contribute to better SFA system
performance.

PERFORMANCE CONSIDERATIONS

Although no significant improvement is achieved for
low-deformation SFA systems, larger deformations
[greater than 0.5 in (12 mm)] due to weakened sub-
grade conditions or load repetitions could mobillize
the tensile reinforcement in the fabric and reduce
the subgrade stresses (7). Moreover, the develop-
ment of larger deformations could increase the
confinement of the base, as described earlier in
this paper. Such behavior mechanisms in terms of
increased tensile reinforcement and base confinement
indicate the validity of a stage-construction con-
cept for SFA systems. The concept can be used for
low-traffic-volume roads and track systems. The SFA
system for low-traffic-volume roads 1is not immedi-
ately surfaced.
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Following the first period of weak subgrade
support and after rut development has stabilized,
the SFA system surface is graded (with or without
the addition of aggregate) and smoothness is re-
stored. The SFA system is then surfaced (probably
with a surface treatment). If necessary, the SFA
system could be surfaced initially and then resur-
faced following the period of development of rut
depth.

A similar approach is possible for applications
of track systems. Following initial development of
permanent deformation in the ballast-subgrade sys-
tem, the track could be resurfaced, thus a desirable
level of track geometry could be restored. Subse-
quent development of permanent deformation would be
minimized because of the structural improvement
affected by the fabric.

The construction procedure in stages permits the
use of the full potential of the fabric (separation
and structural improvement). Note that to maximize
structural improvement effects it is necessary to
develop significant permanent deformation in the
fabric.

SUMMARY

Structural improvement effects, as evidenced by
ILLI-PAVE-calculated vertical stress distributions
and vertical deflections in a conventional SFA
system, are not achieved for the small permanent
defdimations Lypitally eEaAperienced, thuas previcus
experimental data are confirmed. BISAR structural
analyses of a typical SFA system indicated the
beneficial effects of no-slippage conditions at the
aggregate-subgrade interface (it is postulated that
fabric will decrease slippage at the interface).

A simplified confinement model indicated that, if
significant permanent deformation is developed in an
SFA system, a substantial percentage increase in
confinement can bhe developed. This effect is most
pronounced for soft subgrade conditions.

Fabric can be used beneficially in the construc-
tion or rehabilitation of the transportation support
system in many situations. The most-promising
applications are unsurfaced aggregate layers (low-
traffic-volume roads and track systems). We postu-
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late that a construction procedure in stages (sur-
face treatment of an aggregate road following the
initial period of reduced subgrade support) would be
feasible for low-traffic-volume roads. The concept
of construction in stages also can be applied to
track system problems.
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New Interpretation of Plate-Bearing Tests

R. BUTTERFIELD AND M. GEORGIADIS

A new procedure for interpreting plate-bearing tests is proposed that allows the
complete nonlinear pressure versus displacement curve to be described in terms
of stiffness parameters that are quite independent of the plate size. The non-
linear model incorporates shear springs in between the usual Winkler compres-
sion springs and requires conventional plate tests on plates of two different
sizes in order to determine the two stiffness contributions. The predictive
capacity of the procedure has been demonstrated by tests on both London clay
and Kaolin with square plates that span an 8:1 size range as well as in situ
tests from the literature. Ex are also included to itl its applica-
tion to the analysis of soil-supported, very flexible elastic beams.

The conventional plate-bearing test, in which a
rigid plate (area A) is pushed vertically into the
ground at a constant rate, is a convenient way to
generate information on the stiffness and 1load
capacity of such a system. The load (Q) (or pres-

sure, q = Q/A) versus displacement (w) curves ob-
tained are usually of the form shown in Figure 1,
which depicts the mean results of a series of cir-
cular plate tests on a remolded London clay bed
(W, = 65 percent; W, = 23 percent; W = 25 + 1
percent; and ¢, = 97 kN/m?). Each of the
curves shown is, in fact, a very close, best-fit
representation of the experimental results by using
the empirical equation for a plate of diameter D.

q/qu =Q/Qy =1 - exp[«(K, - K)(w/D)] + K¢(w/D) 1)
where

Ko = koD/qur
Kf ka/qu,
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Figure 1. Pressure-displacement curves for rigid plates. p
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Table 1. Diameter-dependent stiffness parameters for a remolded London clay.

Parameter
D=125 D=25 D=50 D=63.5 D=76
Item mm mm mm mm mm
qy (N/mm?) 1.03 0.94 0.83 0.78 0.75
Ko (N/mm?) 1.95 1.15 0.65 0.56 0.48
ke (N[mma) 0.04 0.026 0.018 0.014 0.012
o 23.7 30.6 39.2 45.6 48.6
K¢ 0.49 0.69 1.08 1.14 1.22
o = initial stiffness,
kg = final stiffness, and
q, = pressure axis intercept.
The key parameters ko, kg and q, are all

defined as shown in Figure 1. We have used Equation

1 in previous papers (1,2), although neither the
values of q» kor and kg nor Qu. Ko s and
Kf, which generate each best-fit curve, are con-
stant and, as 1is well known, qy, kg, and kg

all decrease with increasing size of bearing plate
(Table 1). In all the tests being discussed, the
loads varied slowly enough for dynamic effects to be
negligible and sufficiently rapidly for soil con-
solidation not to be the underlying cause of the
dependence on the plate size.

That the coefficient of subgrade reaction (kg =
Q/Aw), which represents the initial, approximately
linear, part of the loading curves, decreases with
increasing plate size was first noted by Engesser
(3). He suggested, in relation to beams (of breadth
B) on elastic foundations, that an empirical equa-
tion should be used, of the form
k=a+(b/B) )
Equation 2 is actually a compromise between the k =
constant (Winkler) model and the result for a linear
elastic half space [k « 1/B). A similar empirical
equation was proposed by Housel (4) for the inter-
pretation of plate-bearing tests on cohesive soils.
He introduced the concept of an edge shear contribu-

DISPLACEMENT  (mm)

tion around the plate perimeter (P) and assumed the
plate pressure (q) to consist of a base reaction
component (a) and a peripheral component [B(P/A)]
q=a+p(P/A) 3

The objective of most plate tests is to provide
data that can be used to predict the response of
larger footings, pavements, beams, and rafts.
Although analyses can be developed to include the
nonlinear behavior implicit in Equation 1 (5), the
crucial problem still remains that, inevitably, the
didmeter of the plate used to establish the curves
(Figure 1) radically affects the results obtained.
As an illustration of this point, Figure 2 (1) shows
the predicted 1load-displacement response at the
midpoint of a centrally 1loaded elastic beam
(500x63.5%x3.9 mm) based on the Figure 1 plate-test
data and Equation 1. The heavy line is the experi-
mental result obtained, which shows that the correct
plate size to use was D = 125 mm--about twice the
breadth of the beam. This is, of course, not known
a priori and is wunlikely to be a useful general
rule. Indeed, Georgiadis (5) found that the best-
fit plate size varied with both beam breadth and
thickness.

This paper presents an extension of Engesser's
idea, which follows naturally from a generalization
of the Winkler spring model, due to Pasternak (6),
in which the simple compression springs are each
interconnected by a shear spring. The Winkler
stiffness (k) is thereby augmented by a shear spring
(stiffness = g). We shall extend this model to
include a complete nonlinear response, as in Figure
1, and show how unique, plate-diameter-independent
stiffnesses can be obtained quite simply that re-
move, for example, the ambiguities of Figure 2.

ANALYSIS OF PLATE-BEARING TESTS

The extended Pasternak model is illustrated in
Figure 3 and incorporates nonlinear shear spring
coupling ([stiffness g(wy,)] between each nonlinear
compression spring [stiffness ki(w)]. The shear
springs are entirely equivalent to adding a founda-
tion resistance proportional to the curvature of the
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Figure 2. Center point load-displacement curves for a soil-supported Lo |' ]
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soil surface, which leads to a pressure-displacement
relationship for the ground given by Kerr (7),

q=kw - g(d?w/dx?) )
where we have written, for convenience, k = k(w) and
g = g(wg), both of which are nonlinear functions

of displacement but quite independent of plate size.

By analyzing plate test results we found that g
influences the displacement much less than does k
and, therefore, since shear deformation is also
maximum adjacent to the plate, we have adopted the
assumption indicated above that g g(wo) (i.e.,
that g varies with plate displacement but is other-
wise constant throughout the supporting soil).

For an unloaded surface region g = 0 and, there-
fore, if we write p(w) = kw, we have
p(w) = g(d?w/dx?) )

Figure 3. Idealized foundation model.
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Because g is only a function of wo,
established by integrating Equation 5,

it is easily
dw/dx = VA(2/g) S p(w)-dw ()

Since many practical applications of plate tests
relate to rectilinear beams and foundation slabs, we

consider that this provides a Jjustification for
studying square plates rather than circular ones.
Figure 3 shows a rigid square plate (B x B)

supporting a total load (Q). There are four regions
(such as I) surrounding it, each of which, if they
deform independently, contributes a reaction R to
the plate calculable from Eguations 5 and 6 as

L Wo S —
R=8 [ pax=8e [ (p(w)-aw/v/2 oo aw] ™
o o
The soil reaction immediately under the plate (re-
gion II}) 1is (from Equation 4) simply kw, =
p(wy) s, hence
in2 of 74_0.5 err 7N 1 o8
q=¢/B =P\Wo)+\4g‘/B)J P(wy-dw/V 2 J p{wydw] {(8)
(¢}
In the development of this equation we have

ignored the effect of the four regions immediately
outside the corners of the plate. Calculations of
the 1lateral extent of the deformed soil surface,
when plates are displaced up to 10 percent of their
breadth, suggest that errors due to this will be
very small even for 50 mm plates. Experiments bear
this out and the effect will be even less for larger
plates.

Although at first sight Equation 8 looks rather
formidable, comparison with Equation 3 will show
that they have a similar torm (a term dependent on B
and one that is not). Suppose, therefore, that we
have results from two plate tests (side lengths B;
and By) then, if we start from the unloaded state,
we can rewrite Equation 8 for each plate as
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q; =+ (/B (%a)
and
q; =<+f/B; (9b)

In these equations q and q; are the pres-
sures that displace each plate by w, and, since g,
k, and p are functions of wy only, « and B are
identical in each of them. The simultaneous solving
of the equations provides «(wy) = p(wy) and
B (W) « If p and B are known, we can approxi-
mate the integrals in Equation 7 numerically and

Figure 4. Square plate tests on London clay.
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Figure 5. Foundation reaction and shear stiffness curves for plates on London clay.
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thereby evaluate g(wy). By repeating this proce-
dure at successive pairs of points along the load-
displacement curves we can generate a complete set
of p(w) and g(wy,) values. For example, the full
lines in Figures 4a and 4b are the results of two
plate tests (B = 100 and 50 mm) on the London clay
bed mentioned previously. Pairs of points were
interpreted as explained above, which resulted in
the p versus w and g versus w, curves shown in
Figure 5. The first of these (Figure 5a) is of the
same general form as those of Figure 1 and can be
fitted very closely, by an equation similar to
Equation 1.

P(W) = py {1 - exp[(ko - K)W/py] + ke(w/py)} (10
with py, «kor and kg defined in Figure 5a,
all of which are now independent of plate size. The
form of g versus Wo also suggests a three-param-
eter exponential decay equation and

8(Wo) = (8o - 8r)exp(-Aw,) + gr an

provides a close fit; g, and gf are defined in
Figure 5b and at wy, = 0, (dg/dw,) = -a(g, -
gg) -

PREDICTION OF PLATE TEST RESULTS

We can now substitute Equation 10 into Equation 8,
integrate the denominator, and arrive at the follow-
ing equation that will predict the pressure-dis-
Placement curve for a plate of any breadth,

a=p+Q/B)Y Calpw) f .

{pdw Vw - [p/(ko - k)] + [kewl(ko - k)] + ®rw?l2py) | 12)

The integration proceeds numerically, step by
step, and generates for, say, B = 75 mm, the dashed
curve shown in Figure 4c. A 75-mm plate test pro-
duced the full 1line that agrees very closely with
the predicted result.

However, it is much more usual to need to extra-
polate test results to larger plates than to inter-
polate between them as above. Therefore, a series
of square plate tests that cover a much greater
range of sizes B = 12.5-100 mm were performed on a
much softer bed of Kaolin clay (wy, = 56 percent;
W = 23 percent; w = 34 % 1 percent; and c,
= 21 kN/m2). The results from the smaller
plates (B = 12.5, 25 mm), Figures 6a and 6b, were
used to calculate the (p - w) and (g - wgy) curves
shown in Figure 7.

An interpolated prediction (B = 18 mm) is com-
pared with a test result in Figure 6c and an extra-
polated one (B = 100 mm) in Figure 6d4. 1In all cases
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Figure 6. Square plate tests on Kaolin. 2
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prediction and experiment agree very closely, even
over an 8:1 range of plate sizes, which appears to
confirm that the new interpretation procedure does
establish a valid set of size-independent stiffness
parameters.

Further supporting evidence is shown in Figure 8a
and 8b, in each of which the full lines refer to
experiments and the dashed ones to predicted curves
based on two of the tests interpreted as explained
previously. The results in Figure 8a are Housel's
(4) tests on a plastic yellow clay and those in
Figure 8b are due to Osterberg (8) who used Buckshot
clay. These tests were not really continued far
enough to predict the constant, final stiffness
(cg) value, although they do show that the
fitting technique can be used successfully in spite
of this.

INTERPRETATION OF BEAM ON ELASTIC FOUNDATION TESTS

The work stemmed from a study of very flexible,
metal, aircraft landing mats, one aspect of which
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was to predict the static, load-deflection charac-
teristics of any centrally loaded component of the
mat from plate-bearing test data.

A nonlinear, transfer-matrix (9) analysis of the
problem was developed based on Equation 1 together
with a no-tension condition across the soil-plank
interface (2,5). Such an analysis can predict the
mat response (Figure 2) if one is fortunate enough
to guess the correct plate size to use. The new
interpretation of plate tests reported here elimi-
nates this problem, as exemplified by Figures 9 and
10, which compare experimental and analytical load-
displacement curves at both central and offset
points for model mats (B = 63.5 mm) of two different
thicknesses (t = 3.9 and 5.9 mm) bedded on London
clay. The parameters used in the analyses were
those obtained from Figure 5 and the computer pro-
gram was modified to include the edge shear contri-
bution, which arises from g, along the plank bound-
ary.

Mat tests were also performed on the Kaolin clay
bed. Figures 11 and 12 show similar comparisons

Figure 9. Comparison between experiment and prediction: flexible o
beams on London clay (t = 3.9 mm and B = 63.5 mm).
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Figure 10. Comparison between experiment and prediction: flexible beams on London clay (t = 5.9 mm and B =635 mm).
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Figure 11. Comparison between experiment and prediction: flexible beams on Kaolin clay (B =30 mmand t=1.2mm).
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for mats of different breadth
In every case the predictions are

Figure 7 parameters)
(B = 30, 40 mm).
remarkably good.

CONCLUDING REMARKS

The salient features of the new, general interpreta-
tion of static plate-~bearing tests are as follows:

1. An extension of the use of shear-spring cou-

between conventional Winkler springs to develop a
nonlinear model of the supporting soil;

2. The stiffness parameters introduced can be
determined from conventional tests on plates of two
different sizes; and

3. These parameters, six in number and summarized
in Table 2, are independent of plate size and de-
scribe accurately the complete nonlinear load-dis-
placement curve for all plates within at least an
8:1 range of dimensions.
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Table 2. Size-independent stiffness parameters,

Parameter
Item London Clay Kaolin Clay
Py (Nfmm?) 0.33 0.0095
Ko (N/mm>) 0.32 0.031
ks (N/mm?) 0.038 0.001
Eo (Nfmm) 20.0 6.6
g (N/mm) 1.0 2.6
A (1/mm) 0.53 2.1

The nonlinear Winkler-spring-plus-shear-spring model
has been used successfully in soil-supported flex-
ible beam analyses, following Kerr (7), augmented by
an edge shear resistance along the beam length, and
also for the prediction of the response of rigid
plates and footings to eccentric loads (10) and as
an improvement on the conventional p-y analysis of
laterally loaded piles (ll).

ACKNOWLEDGMENT

We are pleased to acknowledge the support provided
by the Military Vehicles and Engineering
Establishment, Christchurch, for the work on landing
mats and plates.

REFERENCES

1. R. Butterfield and M. Georgiadis. The Response
of Model, Flexible Landing Mats to Cyclic Load-
ing. International Symposium on Soils under
Cyclic and Transient Loading, Swansea, England,
1979, pp. 697-703.

67

2. R. Butterfield and M. Georgiadis. Cyclic Plate
Bearing Tests. Journal of Terramechanics, Vol.
17, No. 3, 1980, pp. 149-160.

3. F. Engesser. Zur Theorie des Baugraundes .
Zentralblatt der Bauverwaltung, Berlin, Germany,
1893.

4, W.S. Housel. A Practical Method of the Selec-
tion of Foundations. Univ. of Michigan, Engi-
neering Research Bull., 1929.

5. M. Georgiadis. Flexible Landing Mats on Clay.
Univ. of Southampton, Southampton, England,
Ph.D. thesis, 1979.

6. P.L. Pasternak. On a New Method of Analysis of
an Elastic Foundation by Means of Two Foundation
Constants. Gosudarstvennoe Izdatelstvo Litera-
turi po Stroitelstvo 1 Arkhitekture, Moscow,
1954.

7. A.D. Kerr. Elastic and Viscoelastic Foundation
Models. Journal of Applied Mechanics, ASME,
Transactions, Vol. 31, No. 3, 1964, pp. 491-498.

8. T.0. Osterberg. Discussion: Symposium on Load
Testing of Bearing Capacity of Soils. ASTM, No.
79, 1948, pp. 128-148.

9. E.G. Pestel and F.A. Leckie. Matrix Methods in
Elastomechanics. McGraw-Hill, New York, 1963.
10. R. Butterfield and M. Georgiadis. The Non-
Linear Load Displacement Response of Eccentri-
cally Loaded Footings. 3rd International Sympo-
sium, Soil Mechanics Foundation Engineering,
Dresden, East German Democratic Republic, 1980.

11. R. Butterfield and M. Georgiadis. A Non-Linear
Analysis of Laterally Loaded Piles. Division of
Soil Mechanics, ASCE (forthcoming).

Publication of this paper sponsored by Committee on Pavement Condition
Evaluation.

Nottingham Pavement Test Facility

S.F. BROWN AND B.V. BRODRICK

The Nottingham pavement test facility was developed for the experimental
study of pavement structures under wheel loading. A description is given of
its mode of operation and capabilities. It is located in a laboratory and allows
pavement sections 4.8x2.4 m to be subjected to moving wheel loads up to

15 kN at contact pressures comparable with actual commercial traffic and at
speeds up to 16 km/h. Electronic controls allow a lateral distribution of wheel
passes while loading may be either unidirectional or bidirectional. Controlled
temperature and moisture conditions can be achieved. Each pavement under
test is instrumented to measure transient stress and strain. Permanent strains
and surface deformations are measured at intervals during loading. Typical
tests continue until 100 000 wheel passes have been applied. The main
abjective of the research for which the facility has been developed is the
provision of data for comparison with theoretical predictions of pavement
response to load as part of an effort to produce analytically based methods

of pavement design.

In developing workable procedures for pavement
design based on the use of theoretical concepts,
data from controlled, realistic pavement tests play
an important part 1in the wvalidation exercise.
Philosophically, we must demonstrate that theoreti-
cal models work in a controlled situation so that
their use in the more variable real environment can
be approached with confidence.

The pavement test facility at Nottingham grew out
of an earlier dynamic plate loading and test pit

facility (1) through a need to apply rolling wheel
loads so that the stresses generated in the struc-
tures were representative of those expected in real
pavements. The earlier work had demonstrated that
linear elastic theory was valid, but the egquipment
could not provide data for tackling the extension of
this to the prediction of pavement performance and,
in particular, the development of permanent deforma-
tion.

Although some full-scale trials, such as that at
Brampton (2), had produced data on rutting that was
used for comparison with theoretical predictions, a
laboratory-based test facility was considered more
helpful in checking the details of computational
procedures and for understanding the mechanisms of
deformation. This is possible by use of more de-
tailed in situ instrumentation than 1is generally
available with full-scale trials and the exercise of
greater control over materials and test conditions.
Nonetheless, the full-scale trial still has a valu-
able role to play in extending theory to practice.

The design of the pavement test facility was, to
some extent, dictated by the available space. A
test pit 2.4 m on each side by 1l.5-m deep was
doubled in size to occupy almost the full length of
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the laboratory. A linear wheel-loading device was
the only practical solution, although rapid reversal
of direction and quick acceleration to test speed at
either end of the travel were needed. These were
made possible by use of a hydraulic motor with
suitable servocontrols.

A general view of the facility is given in Figure
1. It moves a loaded wheel in a straight line at a
constant speed over a semifull scale pavement struc-
ture. Each test pavement contains instrumentation
to measure stresses and strains and these, together
with surface profile data, provide the necessary
information for comparison with theoretical predic-
tions. Wheel speed and load, temperature, direction
in which the load is applied, and lateral distribu-
tion of the wheel path can all be controlled. The
facility is contained in a temperature-controlled
room that has insulated walls and a low, false
insulated ceiling.

PAVEMENT CONSTRUCTION AND INSTRUMENTATION

Pavements may be constructed by using different
materials and thicknesses although, to date, all
tests have involved a single silty clay subgrade and
structures either of full-depth asphalt or thin
asphalt surfacing over a granular base. A roller
shutter door adjacent to the facility provides
access during construction and excavation of pave-
ments.

The rectangular
rigure 2z was

shown in

il T ]
PLioLr Lo placemant and

concrete-lined pit

waterLprovicd

Figure 1, General view of pavement test facility.

Figure 2. Longitudinal section of test pit.
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compaction of the subgrade. Provision has not yet
been made for control of the level of the water
table. Pavement construction is arranged so that
the finished surface is level with the laboratory
floor. Reference levels along each side are pro-
vided by a pair of accurately positioned angle
irons, which are used to take measurements ol sur-
face deformation.

Figure 3 shows a plan view and section through a
typical instrument layout for one of the three-layer
structures. The instruments are being installed as
the pavement is constructed (3,4).

Transient stresses are measured with Nottingham
pressure cells that operate on the strain-gauged
diaphragm principle (5). Resilient and permanent
strains are measured with Bison strain coils that
consist of two, free-floating, carefully aligned,
wire-wound discs (6). The spacing between these
discs is converted to a voltage related to the
strength of their electromagnetic coupling when one
coil 1is energized. Displacement transducers and
bonded foil=-strain gauges have also been used to
supplement the strain coils. Temperatures within
the pavement are monitored by using copper con-
stantan thermocouples. An automatic data acquisi-
tion system prints out the transient stresses and
strains; permanent strains are read manually from
the Bison control box and transverse surface pro-
files are determined with a profilometer (7).

PAVEMENT TEST FACILITY

The facility can be divided into four major compo-
nents:

1. A moving carriage that supports the loading
wheel,

2. A framework to support and guide the carriage,

3. Drive arrangements for longitudinal and trans-
verse movements of the carriage, and

4. Electronic control systems.

Closed-Loop Servocontrol

The load applied by the wheel together with its
speed and position are all controlled by using the
servohydraulic principle illustrated in Figure 4. A
command signal is fed to the amplifier;, and this
causes a positive drive at the control, or servo-
valve, that operates an actuator (e.g., a ram or
motor). The actuator directly or indirectly drives
a transducer that supplies a feedback signal that
opposes the command signal at the amplifier input.

/ reference level (angle iron)

pavement construction

wotorprooﬂng
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Figure 3. Typical instrumentation layout.
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Figure 4. Basic principle for servocontrol with negative feedback.
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Because the amplifier has a finite gain, the two
signals cannot reach equilibrium and an error volt-
age 1is produced at the output. A change in the
command signal will result in a proportional error
voltage that controls the movement of a spool within
the valve. This connects pressurized fluid (hydrau-
lic o0il) to one of two output ports either fully to
the actuator or with some flow diverted to the
return line. In the case of the pavement test
facility, the actuators for load control are dou-
ble-acting rams, and wheel speed and direction are
derived from a hydraulic motor.

Ioading Carriage

The loading carriage has a rigid aluminium chassis
with vertical and horizontal bearings mounted on
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each side that allow it to run along the reaction
and guide beams. A servohydraulic loading system is
built into the carriage and operates two rams that
lever the wheel up or down about a pivot (Figure
5). The feedback is obtained from a strain-gauge
bridge on the levers. Holes were drilled near the
gauges to increase the strain at this location and
hence provide larger electrical output.

The servovalve that controls the rams is served
hydraulically by short rigid pipes and is protected
by filters on the high and low pressure lines. An
accumulator is fitted to absorb surges. The car-
riage has to be supplied with hydraulic power while
it moves over a distance of some 7 m. This is
accomplished by using flexible hoses carried by a
swinging arm (Figures 1 and 5) that also supports
the electrical cables. The hoses are connected to
the carriage by quick-release swivel couplings.

Support Framework

The carriage runs between two 8.2-m long, 200x200
mm, I-section beams. Both beams are bolted at each
end to bogies that run along rails set at right
angles to the beams (see Figure 6). This arrange-
ment allows lateral movement of the beams and car-
riage but is not heavy enough to resist the upthrust
of the carriage when wheel load is applied to the
pavement. Two transverse portal frames provide the
necessary reaction (Figures 1 and 6), and these are
bolted to the floor 1.2 m from each end of the
beams. Small wheels are mounted on the beams so
that the reaction can continue to be provided during
lateral traversing of the wheel under load.

Drive System

Two main drives are necessary to fulfill the testing
requirements. The first reciprocates the carriage
over the pavement at a constant speed above the area
that contains instruments, and the second sets the
facility at various transverse positions across the
pavement.

Figure 6 illustrates the system used to move the
carriage longitudinally. It involves a tensioned
wire rope wrapped around a centrally located grooved
drum and attached at either end to the carriage via
pulleys mounted on the support frame (Figure 6).
The drum is driven by a hydraulic motor to which it
is connected by a flexible coupling. A remote oil
pump supplies pressurized oil to the motor, which is
relatively small (compared with an equivalent elec-
tric motor) and has a high acceleration capability.

The control system is shown schematically in
Figure 7. There is a manual control facility in
which the wheel position feedback signal is used to
place the wheel at any point along its travel.
During testing, an automatic mode is operative and
the velocity feedback from a tachogenerator is used
to end the acceleration phase and then hold the
wheel speed constant until deceleration is initiated
by feedback from the position transducer. Reversal
of direction is initiated when the velocity output
approaches zero.

The wheel position is monitored by the arrange-
ment shown in Figure 8. This involves a linear
variable differential transformer (LVDT) displace-
ment transducer attached to a screw thread driven by
a pulley that is connected to the moving carriage by
a long belt. A tachogenerator is axially coupled to
the motor shaft (Figure 5) to provide a velocity
feedback that is directly related to the speed of
the wheel. The command signal in Figure 7 is tra-
pezoidal and provides acceleration, constant veloc-
ity, and deceleration before reversal of direction.
This motion is also used to move the swinging arm
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Figure 5. Arrangement of wheel-loading system.
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Figure 8. Wheel position feedback transducer,

Figure 9. Swinging arm driven by gearbox coupled to grooved drum,

that carries the hoses and cables to the carriage in
synchronization with the carriage movement. This is
done by a chain drive and dgeared connection between
the pivot for the arm and the grooved drum, as can
be seen in Figure 9.

The main beams and carriage can be moved across
the pavement by long stroke rams attached to the end

bogies (Figure 10). A similar arrangement to the
wheel position feedback transducer is used to con-
vert the lateral position of the assembly to a
voltage, but in this case a toothed wheel driven by
a fixed chain is used to reduce the lateral movement
of the facility to a small displacement. An oil
pump was provided for each ram to avoid long lengths
of connecting pipe. This results in a positive
movement of the rams when the o0il pumps are switched
on and reduces the risk of skewed movement. When
the desired position is reached (as indicated by the
position transducer), the pumps are switched off.
During testing the lateral movement of the test
facility is fully automated and is initiated after a
set number of load applications have been completed
at any one position.

Electronic Control Systems

The wheel speed and load and the lateral traversing
program are all controlled electronically. Wheel
speed is set on a pass controller, which can be
operated in either a manual or automatic mode
(Figure 11). Under manual control, a position
potentiometer controls the location of the wheel in
situations that require static loading or when the
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Figure 10. Traversing facility.
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wheel is moved to the end of the track during mea-
surements on the pavement surface. A potentiometer
is used to set the velocity 1level for automatic
operation.

The command signal for load control follows the
velocity profile so that the load increases during
acceleration, is held constant when the wheel speed
is constant, and then decreases during decelera~
tion. Again, a potentiometer (Figure 11), applied
under the automatic operation mode, is used to
preset the load. If the load is to be applied while
the wheel moves only in one direction {(as happens on
an actual highway), then a switch on the load servo-
control is operated (see Figure 7). This negates
the signal for load application in one direction.

A counter on the pass controller is connected to
the traverse-control electronic system shown in
Figure 11. This unit was designed to control move-
ment of the test facility to preset positions when
the count reaches a predetermined number of passes
at each of nine positions. These can be selected in
any order. The number of passes are dialed into
each position by using thumb wheel switches. For
the experiments to date, a normal distribution of
load applications over a tracking width of 600 mm
has been used. Each position ensures a 75-mm over-
lap of the tire, which has a contact patch of 150 mm
width. A complete traverse denerally takes 1000
passes. The total number of passes for most tests
has been 100 000 and loading has been stopped after
1000, 2000, 5000, 10 000, etc. passes to facilitate
permanent strain and surface deformation measure-
ments. Full details of the electronic systems are
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Figure 11. Electronic control systems.
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available in the relevant research reports (4,7).

SUMMARY OF SPECIFICATIONS AND PERFORMANCE

In five years, 11 pavements have been tested, and
some of these have received two sets of multitrack
tests together with single track tests when the
traversing facility is not used. Although the
maximum number of passes for each multitrack test
was limited to 100 000, the test facility has com-
ploted more than 1 Mring thic
time, modifications have continually taken place,
but Figure 1 shows the test facility in, what will
probably be, its final form. Improvements have also
been made to the data-acquisition facilities that
are now largely automatic (7).
The specification of the facility is shown below:

millinn mnacaaa.

Facility Specification
Load range 0-15 kN

Tire pressure 570 kPa
Contact area at 10 kN 0.02 m2
Contact stress at 10 kN 500 kPa

Speed range 0-16 km/h
Length of travel 6.7 m

Length of assembly 8.2 m
Temperature range 20°-25°C

A likely development in the future will provide
for an extension to the testing temperature range
that is currently restricted to ambient conditions
and above.

The pavement test facility has, to date, been
used on two projects, the results of which have been
reported elsewhere (4,7,8). Although these were
primarily concerned with permanent deformation,
detailed in situ measurements were also obtained of
transient stress and strain for comparison with the
theoretical predictions. An investigation was also
carried out into the potential of fabric inclusions
below granular layers in permanent road construction.

A typical pavement test takes about 10 weeks to
complete. Six weeks are needed to construct and
instrument the structure and four weeks to perform a
test that involves 100 000 passes. To date, opera-
tions have been restricted to normal working hours,
partly because of the need to interrupt loading for
permanent strain and deformation measurements.
However, in principle, there is no reason why 24-h
operation should not be performed as the equipment
has numerous safety devices. The carriage drive
system is protected by a wire cage (Figure 1) and
the hydraulic pump may be shut down in various
ways. These include the operation of a discrepancy
detector between the position transducer and the
tachogenerator that operates in the event of the
cable breaking, an overshoot detector that operates
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if the carriage velocity is too high near the end of
its travel, and limit switches that are tripped if
the carriage reaches the end of the support frame or
the hose support arm overtravels. In addition, an
emergency stop button on the pass controller (Figure
11) may be operated manually.

The Nottingham pavement test facility has been
developed at 1low cost and provides an extremely
useful means of carrying out realistic pavement
experiments. The scale of the tests is large enough
to provide data that can be used to validate theo-
retical computations of pavement response to load.
Once a test is under way, it can be performed by a
single operator, although other staff are needed
during the construction and excavation phases. It
is considered essential that data from tests of this
kind are processed rapidly and that the projects
involved have a theoretical and materials testing
dimension to them.
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Instrumentation for the Nottingham Pavement Test Facility

S.F. BROWN AND B.V. BRODRICK

A description is given of the instrumentation that has been used successfully in
the Nottingham pavement test facility to obtain in situ measurements of stress,
strain, and permanent deformation in pavements subjected to moving wheel
loads. The data from tests of this kind are being used to validate theoretical
computations of pavement performance. Diaphragm-type earth pressure cells
have been used in asphalt, unbound aggregate, and soils; details are given of
installation and calibration techniques. Bison strain coils have proved useful
for in situ s of both tr t and permanent strains. An elec-
tronic unit has been developed to linearize the output from these transducers,
thus making it easier to use. Electrical foil-strain gauges and post-yield gauges
were also used for measurements in asphalt and on fabric inclusions, respec-
tively. An au tic data-acqui system allows a direct printout to be
obtained of peak stresses and strains from the pulses generated by moving
wheel loads. A typical layout of instruments is presented, which was designed
to obtain maximum information from a short section of pavement.

Data from carefully instrumented pavement test sec-
tions are available for the continuing development
of analytically based procedures for pavement de-
sign. A general review of suitable equipment has
been presented by Brown (1). At Nottingham, such
installations have been used in a pavement test fa-
cility (see our other paper in this Record) and in a
few full-scale trials on public roads.

This paper concentrates on the work done with the
pavement test facility. We describe the instruments
and how they were used to obtain in situ measure-
ments of stress and strain. The materials involved
were representative of the three components of a
flexible pavement--asphalt, unbound aggregate, and
clay.

The instruments that have been used most exten-
sively are the Nottingham pressure cell (2), Bison-
strain coils (3), and foil-strain gauges. All these
have been calibrated in or on the relevant pavement
materials or checked during testing in order to
quantify their influence on the local stress and
strain fields. This in situ calibration follows the
philosophy that the transducer output must be pro-
cessed to give a measurement that is representative
of the stress or strain that would have existed had
the transducer not been present. Care with instal-
lation is extremely important and, if carried out
incorrectly, may result in large errors. Despite
the precautions necessary for accuracy, scatter is
still inevitable, and the variability in material
properties (either inherent or due to compaction)
and the complexity of the loading effects all result
in the need to take as many replicate measurements
as is practical. A data-acquisition system was,
therefore, developed to provide direct printout of
stress and strain values. This system operates in
parallel with an analogue recorder so that the shape
of the output pulse can be observed. A linearizer
unit was introduced for the strain coil instrument
to facilitate easy direct reading of transient sig-
nals due to moving wheel loads.

INSTRUMENTS

Only the instruments used in the pavement test fa-
cility and site investigations are described. They
were chosen because of previous experience in their
use and their simplicity of design, which fulfilled
the compromise between practicality and ideal char-
acteristics. A stress gauge, for instance, should
be robust but have a large diameter-to-thickness
ratio, and a strain transducer also needs to be ro-
bust but it should not reinforce the pavement ma-
terial.

Nottingham Pressure Cell

The Nottingham earth-pressure cell (2) consists of a
recessed titanium disc that, in effect, is a dia-
phragm attached rigidly to a gquard ring (Figure 1).
A four-arm strain-gauge bridge is attached to the
diaphragm and physically arranged and connected to
reduce cross sensitivity and compensate for tempera-
ture. A 1id is riveted in place to form a cavity
that is partly filled with silicon rubber and a
cable entry is sealed into the side of the cell
body. The instrument can be either alternating cur-
rent (AC)- or direct current (DC)-powered and is
suitable for transient or short-term stress measure-
ments. Its characteristics have been well docu-
mented elsewhere (2,4).

Strain Coils

The development of strain coils for in situ measure-
ments was described by Selig and Grangaard (3) and
Selig (5). The technique consists of a pair of
wire-wound discs, which can be obtained in various
sizes (Figure 2) and installed either in a coaxial
or coplanar alignment and are connected to a Bison-
soil-strain-gauge instrument. An AC signal is sup-
plied to one coil and an electromagnetic coupling is
developed with the other coil. The strength of this
coupling is related to the spacing between the coils
in a nonlinear way and is converted to a voltage by
the Bison instrument. When balanced by means of
phase and amplitude potentiometers, a reading is ob-
tained that can be interpreted as the gauge length.
Any transient change from this gauge length can be
monitored on a suitable recorder and resilient
strain can be calculated. Long-term changes in
gauge length can be evaluated from a curve that re-
lates coil spacing to amplitude dial reading in
order to determine permanent strain values. A cali-
bration and sensitivity control can be used to pro-
duce a signal on a recorder of a known strain over
the spacing rande, which is approximately 1-4 diam-
eters.

Strain Gauges

Strain gauges are simply wire or foil grids on a
thin backing that can be attached to any structural
component subjected to strains within the range of
the gauge. In the pavement field, they are usually
limited to use on bituminous materials, particularly
in the tensile zone at the bottom of the layer (1).
Carrier blocks cut from sections of the asphalt mix
may be placed within the layer or a thin sandwich
that contains the gauge can also be used. 1In a sit-
uation where high initial strains may be expected
during compaction or on fabric inclusions over a
soft subgrade, post-yield gauges can be used that
remain operational up to a strain of 10 percent.

INSTRUMENT CALIBRATION

The calibration procedures for the pressure cells
and strain coils in a subgrade and granular material
(maximum particle size 9.5 mm) have been previously
described (1,2,4,6) so discussion here is restricted
to more recent work in a bituminous material and in
a granular material that has a larger maximum parti-
cle size. Calibrations of strain gauges have also
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Figure 1. Nottingham earth-pressure cell.
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been carried out on a nonwoven fabric. Strain coils
have yet to be calibrated in asphalt, but evidence
suggests (6,7) that the coils give an accurate rep-
resentation of the true strains unless a dense or
weak pocket develops during installation or some
metal is present that will distort the flux linkage
between the coiis.

Pressure Cell in Crushed Stone

The material involved was a dry, crushed limestone
of 40 mm maximum particle size and well graded to
the specification for road bases in the United King-
dom (8). The accepted ratio of diaphragm diameter
to maximum particle size for pressure cells is 50:1
(9), so clearly the cell shown in Figure 1 was in-
compatible with this design parameter. To overcome
this, fine material was packed over the diaphragm,
to protect it from point loading by large particles
of aggregate. Thin plastic film held the fines in
position, as shown in Figure 3.

A bench calibration, which involves application
of fluid pressure directly to the diaphragm (1), and
calibrations in several 230-mm diameter triaxial
test specimens were then carried out. A cell-
registration factor, which is the measured stress
divided by a true stress, was thus obtained. The
apparatus for in situ calibration is shown in Figure
4, which is the general arrangement for the calibra-
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tion of both stress and strain transducers. Speci-
men preparation involved compaction of two layers of
aggregate in a mold on a vibrating table prior to
installation of the instrument at midheight.

The specimen was load cycled 10 times before
testing to improve repeatability and relevance of
subsequent results. Increments of vertical load
were then applied at various confining stresses and
the output of the pressure cell was monitored. The
true stress was calculated from the applied load
divided by the specimen cross-sectional area. This
procedure was repeated after further load cycling
was carried out. As the load could only be applied
relatively slowly, this exercise was essentially a
static calibration, but time effects were unlikely
to be significant in dry granular material.

The results shown in Figure 5 indicate cell reg-
istrations just below 1.0 at a confining stress of
4B kPa; lower values were obtained with higher con-
finement. Further load cycling did not have any
significant effect at the lower confining stress,
but a large hysteresis curve was noted during un-
loading. These trends were observed for two other
specimens, and it was concluded that the prepacked
pressure cell could be used successfully in the
pavement experiments that involved relatively low
confining stresses.

Pressure Cell in Asphalt

The experimental arrangement for pressure cells in
asphalt was similar to that in Figure 4, but a con-
tinuously graded dense asphaltic material was used.
This calibration work was required in connection
with a project that involved full-depth asphalt pav-
ing (10). Compaction of the asphaltic specimen was
by falling hammer. A servohydraulic load test fa-
cility was then used to apply static and repeated
uniaxial loads to the specimen. Fine material was
again placed around the instrument; both a sand as-
phalt and fines from the asphalt mix were used.

Specimen testing was carried out at various rates
of uniaxial loading and a range of temperatures in
order to cover a range of mix stiffnesses. A typi-
cal set of results is presented in Figure 6, and
this also includes the theoretical relationship
predicted by Tory and Sparrow (1l). Flexibility
factor (F) is the ratio of the soil stiffness to
cell stiffness and is defined as

F = Ed¥/E t? 1
where

Eg = Young's modulus of the soil,

E, = Young's modulus of the cell,

d = diaphragm diameter, and

t = diaphragm thickness.

Higher registrations were obtained compared with the
predicted curve when sandsheet was used over the
cell, and good agreement can be seen when fines from
the actual mix were involved.

In practice, it is best to operate in a stiffness
range that gives a cell registration of about 1.0,
and on the flat (left-hand) part of the theoretical
curve. When practical considerations make this im-
possible, the theoretical curve may be used. In bi-
tuminous mixes and crushed-stone materials, an in-
terface of fine materials is required over the cell
diaphragm if the cell dimensions are to be practi-
cal, but the material actually used has an influence
on the results that needs checking by calibration
tests. To obtain good data from these high stiff-
ness applications, it is necessary to know the mate-
rial stiffness with some accuracy.
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Figure 3. Pressure cell prepacked for granular material.
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Strain Gauges on Nonwoven Fabric

A series of pavement tests that incorporate fabric
between the subgrade and granular layer of a three-
layer system (12) required that strains in the fab-
ric due to wheel loading be measured. Coplanar
strain coils were used initially and then supple-
mented with strain gauges. These were 60-mm gauge
length post-yield gauges capable of operating up to
10 percent strain and they were attached to the fab-
ric with cyanoacrylate adhesive. Fabric segments
were positioned over the gauges for protection and
to present the correct surface texture to the ad-
jacent soil. This technique was even more important
with strain coils since they would otherwise tend to
lock into the so0il, and any relative movement be-
tween the soil and fabric would not be accurately
measured.

Prior to installation, a calibration test was
conducted with the gauge on a 200-mm wide strip of
fabric, which was clamped between the jaws of a ten-
sile test apparatus (Figure 7). The true or refer-
ence strain about the gauge was measured with strain
coils. Increments of load were applied to the fab-
ric and the relation between the outputs from the
gauge and strain coils is presented in Figure 7. A
calibration figure of 2.15 mV for 0.5 percent strain
was obtained for the gauge, but beyond this steady
readings were difficult to obtain because the fabric
tended to creep.
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Figure 5. Calibration of pressure cell in crushed limestone.
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INSTALLATION PROCEDURES

A typical layout of instruments in a three-layer
pavement constructed in the pavement test facility
(2) is shown in Figure 8. The apparent overcrowding
is a function of the reduced horizontal scale since
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Figure 8. Typical instrumentation layout in pavement test facility.
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all pressure cells are separated from each other and
the strain coil stack by at least 200 mm. Interac-
tion between cells only occurs when they are within
two to three diameters of each other (13).

The strain coil stack consists of 25-mm coils
separated by approximately 50 mm. Only one pair of
coils is energized at a time and the effect of the
inactive adjacent coils was found to be negligible
during calibration. A set of tools has been de-
veloped to bring a measure of consistency to the in-
stallation procedure, and these are shown in Figure
9.

Pressure Cells

Because of the destructive nature of the clay
subgrade-compaction procedure, the instruments could
only be installed on completion of this operation.
Holes were then prepared by using special tools
(Figure 9) to accept the cell with enough working
clearance for backfilling. This is particularly im-
portant for the vertically installed cells (for
measuring horizontal stresses), as it is necessary
to select the soil for placement against the dia-
phragm. This involves removal of large particles
and careful compaction against the diaphragm. The
sides of the holes and any backfill layers are scar-
ified to maintain continuity with the undisturbed
soil. Attempts were made to achieve the same den-
sity in the backfill as in the main soil mass by us-
ing the correct amount of soil for the unfilled vol-
ume of the hole.

The crushed limestone base was compacted by vi-
bration in layers to a level that only required a
shallow hole to accommodate the instrument prepacked
with fines held in position over the diaphragm with
a thin polythene sheet. Excavations of holes to a
specific size are not possible in granular materials
and only the minimum amount of material was re-
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Figure 9. Tools for installation of instruments.

moved. More fines were used to position the céll in
relation to a suspended plumb bob and then the ex-
cavated aggregate was carefully placed and hand
tamped against these fines before compaction of the
next layer of base.

Pressure cells were only used in the asphalt
layer for the full-depth tests (10), They were po-
sitioned at a layer interface during paving. A hot-
hand-compacted sandsheet mix covered the diaphragms
for the horizontally placed cells. The vertically
oriented cells were positioned in a mound of sand-
sheet. A quantity of the actual pavement mix was
immediately compacted with a ram over the sandsheet
in order to integrate the two materials. Paving
operations were commenced as soom as possible to
establish the satisfactory bond with the interface
materials. Calibration tests specifically relating
to this installation procedure and the appropriate
test conditions yielded a cell registration of 0.97.

Strain Coils

Figure 10 illustrates the installation arrangements
for strain coils in various situations. Generally,
25-mm coils were used, but 50-mm coils were occa-
sionally adopted for the coplaner mode since it was
felt that they were more likely to resist reorienta-
tion during compaction and testing.

A hole was cut in the subgrade with a 37-mm diam-
eter sharpened tube to a depth of 100 mm and then an
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Figure 10. Installation of strain coils.
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Table 1. In situ performance of instruments.

Pavement Cell Regis-
Instrument Output Layer tration Accuracy
Pressure cells, 0.5 uV/kPa Subgrade 0.95 *10 kPa
not amplified per VDC Aggregate 0.98 +30 kPa
Asphalt 0.97 +30 kPa
Strain coils Typically 1 Subgrade 1.0 *50 ue
percent Agprepate 1.0 +100 pe
strain = 2V Asphalt 1.0 150 pe
Strain gauges 0.43 mV/1000 Fabric Direct +20 pe
ue calibration

angled slot that leads to the bottom of this hole
was excavated for cable entries. The base of the
hole was flattened and a strain coil was gently
pressed into this base being positioned by a plumb
bob. A circular spirit level was laid on the coil
to ensure horizontal placement. Soil from the tube
was then tamped in layers over the coil to give 50-
mm cover and then the next coil was installed. The
sides of the holes and layer interfaces were scari-
fied and an attempt was made to achieve the same
backfill compaction, by touch, as the surrounding
soil. A third coil was installed level with the
subgrade surface and two further coils were placed
longitudinally and laterally to provide a coplanar
measurement of horizontal strain at the interface.
Subgrade material was pressed around the perimeters
to lock them into the soil. BAn alternative to the
coplanar arrangement was provided for measuring hor-
izontal strain by placing the coils vertically, in
coaxial and parallel alignment (i.e., with the
strain coils on edge in slots) (Figure 10).

The strain coils were placed in the granular
layer as each lift was completed. It was necessary
to set the coils on a bed of fines below the surface
of the 1lift and then add further fines and some
larger aggregate as protection from the effects of
compaction of the next layer. The final set of
coils on the surface of the granular layer was cov-

77

ered with selected fine mix from the hot asphalt
just after delivery.

The thickness of the bituminous layer, for the
three-layer pavements, was approximately 50 mm, and
it was only necessary to glue the top coil of the
stack into a recess cut into the surface after the
mix had cooled. Grooves for the cables were
chiseled out and a fine hot asphalt mix was run in
to cover the cables and exposed coils.

Protection of Cables

It is very important to protect instrument cables.
They were usually separate or in small groups set in
trenches leading to a larger trench away from the
test area. Trenches are more difficult to cut in
the granular layer and exposed cables can be covered
with a mound of fines prior to placement of subse-
quent material. Braided copper-sheathed cables are
normally connected to the instruments and these are
inherently robust. Poly-tera-fluoro-ethylene
(PTFE) -coated cables are recommended for applica-
tions in high temperature. Polyvinylchloride (PVC)-
coated cables will melt in hot asphalt but they have
been known to survive if protected by a covering of
a sandsheet mix that is given time to cool before
the next layer is placed.

INSTRUMENT PERFORMANCE

Table 1 summarizes performance data on all the in-
struments in the pavement test facility. The esti-
mated accuracies were based on work with 11 pavement
installations in which the consistency of the read-
ings was examined. Permanent strain accumulated by
the strain coils was checked from measurements dur-
ing pavement excavations (14).

The potential accuracy of these instruments is
much greater than the figures indicate in Table 1.
The figures in Table 1 take account of the typical
scatter obtained from in situ readings obtained in
the pavement test facility (1), where stress levels
were somewhat higher than may be expected in a full-
scale road.

DATA ACQUISITION

To obtain the maximum benefit from pavement instru-
ment installations, a considerable amount of data
will be generated. This needs to be converted to
stresses, strains, and deformations in a convenient
way. The system developed at Nottingham produces
results on a printer in appropriate units. Improve-
ments that involve microprocessors or minicomputers
could be added later.

Originally, the strain-gauged pressure cells had
a DC supply and, because of current limitations, low
outputs were obtained. The type of amplifiers that
were introduced not only increased these outputs but
gave considerable flexibility in terms of the re-
quired size of output signal. They were connected
to the ultraviolet (UV) recorders by means of gal-
vanometer matching units. The sensitivities of all
the pressure cells were then adjusted to an identi-
cal level during calibration so that the recorded
pulses could be conveniently, quickly, and easily
converted to stresses.

Users of the Bison-strain-coil equipment will be
familiar with the nonlinear relation between strain
and amplitude dial reading. Although this charac-
teristic does not present problems when reading per-
manent strains, it is a major difficulty for measur-~
ing transient values, as the sensitivity varies with
the amplitude dial reading. A linearizer unit was
developed to overcome this difficulty by providing a
constant sensitivity of 1 V for 1 percent strain,
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Figure 11. Schematic of data-acquisition system. PRESSURE
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although this could be increased to 1 V for 0.1 per-
cent strain if required. Full details of this de-
vice are presented elsewhere (12).

This initial processing of signals from pressure
cells and strain coils forms the first stage of the
data-acquisition systems shown in Figure 11.

The scanner moves automatically or manually from
one instrument circuit to the next. In the auto-
matic mode, a pulse from the wheel loading control
equipment (1) moves it on so that readings are taken
for consecutive wheel passes. Thus, for one pass ot
the wheel, the output of one transducer will be am-
plified, caught on a peak catcher, the peak voltage
will be converted to a digital signal, and then
printed as a stress or strain. It is for this last
operation that scale factor controls are necessary
to produce a convenient reading such as 600 mV for
600 kPa. Calibration can be carried out through the
system and adjustments made to compensate for in-
stallation effects. 1In the tests that we have per-
formed, transient stresses and strains reached rea-
sonably uniform values after about the first 5000
wheel passes and so did not change significantly
over the 10 or 20 passes required during scanning by
the instrumentation.

CONCLUSIONS

Pressure cells for transient stress measurements
in pavements can be used in cohesive soils, crushed
rock, and asphalt when suitable techniques are
adopted. Pressure cell diaphragms should be pro-
tected from the action of large aggregate parti-
cles. In crushed rock, this may be done by prepack-
ing the instrument with fine material held in
position by a thin plastic film. In asphalt, a fine
mix may be compacted over the diaphragm.

The Nottingham pressure cell had a registration
close to unity at low confining stresses (48 kPa)
but underregistered under greater confinement. The
response of the pressure cell placed in asphalt was
very similar to that predicted theoretically by Tory
and Sparrow (l1l1).

Post-yield electrical resistance strain gauges
may be used on fabrics to determine in situ
strains. This arrangement was shown to operate suc-
cessfully up to 1 percent strain and should be capa-
ble of measuring higher values up to 10 percent.

Techniques have been developed for the installa-
tion of pressure cells, strain coils, and strain
gauges in various layers of test pavements by using
special tools that cause a minimum of disturbance to
the material. Measurement accuracies have been es-
timated for the various instruments. These depend
on the material in which the instrument is to be
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placed. An electronic unit has been developed to

linearize the output from Bison strain coils, thus
data acquisition 1s made easier. A peak hold, scan-
ning, and printing facility has been used to deter-
mine transient stresses and strains in pavement ex-
periments.
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