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Theoretical Response of Multilayer Pavement
Systems to Dynamic Nondestructive Testing

TREVOR G. DAVIES and MICHAEL S. MAMLOUK

ABSTRACT

Nondestructive testing of highway and airport pavements has become increasingly
popular. Although dynamic loading devices have become the method of choice
because their field operation is relatively simple, fast, and economical, anal-
ysis of the test data remains problematic. Using a rigorous elastodynamic for-
mulation, it is demonstrated in this paper that the dynamic phenomena of reso-
nance and inertial damping within the subgrade may result in significant
differences in pavement response to static and dynamic loading. Because static
analyses are currently used to analyze the latter, significant errors may arise
in back-calculating layer stiffnesses, particularly because the iterative
schemes used in such analyses are ill-conditioned. Examination of the data
obtained from a study of the response of four-layer flexible pavements to exci-
tation by the Road Rater device for a wide range of freguencies suggests that
no simple correlation between dynamic and static deflections can be developed.
Some improvement in current practice may be effected by carrying out tests over
the entire operating range of frequencies to ensure that the measured deflec-

tions are not corrupted by spurious subgrade resonances.

Nondestructive testing has been extensively used in
the last few decades for evaluation of the 1load-
deformation response of highway and airfield pave-
ment systems. The results of such surveys have sig-
nificant impact on the operation and maintenance of
these facilities and, therefore, accurate interpre-
tation of the test data is important.

Nondestructive testing can be divided into two
main types: seismic techniques (associated with time
measurements) and surface loading tests (associated
with deflection measurements). Extraction of layer
stiffnesses from these data is the crux of the prob-
lem, which has not yet been fully resolved.

The seismic techniques normally employed in high-
way engineering are based on measurement of the
velocities of the Rayleigh waves (surface waves) of
the pavement system (1,2). Such techniques have not
gained wide acceptance, partly as a conseguence of
the relative sophistication required in field opera-
tion and in interpretation of the test data. Surface
loading tests, on the other hand, have been exten-
sively used by many highway agencies because of
their simplicity and their ability to model real
traffic load intensities and durations. Thus the
stiffnesses computed from surface deflection mea-
surements are more nrearly renrczentative of field
conditions.

Surface deflection measurement devices can be
categorized as static (e.g., Benkelman Beam, Cali-
fornia Traveling neflectometer) and dynamic [e.g.,
Dynaflect, Road Rater, various vibratory devices
(3), falling weight deflectometer]. The Dynaflect,
the Road Rater, and the vibratory devices impart
steady-state dynamic (harmonic) 1loading to loading
plates, whereas the falling weight deflectometer
imparts an impulsive load developed by a weight
falling on a spring-loaded single plate. Most of the
vibratory devices are capable of generating a wide
range of loading frequencies and for that reason are
preferred to the single fregquency Dynaflect. Al-
though the falling weight deflectometer simulates

traffic loading somewhat better than do harmonic
loading devices, a high degree of correlation be-
tween the test data obtained from the Road Rater and
the falling weight deflectometer has been reported
(4).

~ Analyses of the data ohtained from dynamic load-
ing devices have hitherto been based on either
empirical approaches or elastostatic and viscoelas-
tostatic models (5-9). Obviously, empirical correla-
tions are restricted to conditions similar to those
in which such correlations were originally devel-
oped, and, in the static analyses, the inertia of
the pavement is neglected. In other words, it is
assumed that the dynamic response of pavement struc-
tures is no different from the static response.

Experimental work performed by others emphasizes
the difference between static and dynamic responses
of pavement systems. For example, Hoffman and Thomp-
son (4) operated a circular plate Road Rater at
peak-to-peak loads of 2, 4, 6, and 8 kips and driv-
ing frequencies of between 6 and 30 Hz at 2~Hz in-
tervals for each load. The results of those tests
are shown in Figure 1 for three pavement sections
with various layer thicknesses and material proper-
ties. The experimental results show that resonant
frequencies (natural vibration frequencies) of 10,
18, and 16 Hz existed for the three pavement sec-
tions, respectively. These resonant frequencies were
almost independent of load intensity and were within
the normal range of operating frequencies. The reso-
nant frequencies were different from one pavement
section to another depending on layer thicknesses
and material properties. The resonant frequencies of
the pavement systems cannot be explained by any
static analysis.

In this paper, an elastodynamic solution is used
to show that the static and dynamic responses of
pavements may be significantly different even at low
frequencies (Figure 2). This rather complex approach
is necessary because one-degree of freedom approxi-
mations f[e.g., Weiss (10)] cannot reproduce all
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FIGURE 1 Experimental peak-to-peak deflection
versus driving frequency of the Road Rater at three
pavement sections (a) Sherrard: 4 in. AC, 14 in. crushed
stone, (b) Monticello: 3.5 in. AC, 8 in. plant CAM, and
(c) Deland: surface treatment, 8 in. granular base B (4).
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FIGURE 2 Surface deflection
profiles for (a) static loading and (b)
dynamic loading.

facets of the dynamic behavior of multi-degree of
freedom pavement systems.

An analysis of the Road Rater device is pre-
sented, Similar results are to be expected for har-
monic loading devices such as the Dynaflect and im—
pulsive loading devices such as the falling weight
deflectometer.

INTERPRETATION OF DEFLECTION DATA

Although empirical rules for assessing the integrity
of pavements on the basis of nondestructive test
data are commonly employed, in practice there is an
increasing trend toward adoption of methods based on
theoretical models of pavements. However, the in-
verse problem of determining material properties
from pavement deflections caused by prescribed loads
is difficult even if the assumption of linear elas-
tic behavior of isotropic layers is valid. Given
limited data, no unique solution can be determined
although in practice the range of admissible solu-
tions may be relatively narrow. The problem is com-
pounded because it is necessary to employ iterative
schemes [e.g., Kilareski and Anani (7)] to solve the
inverse problem. Although the stiffness of the sub-
grade can often be determined reasonably accurately,
the iterative schemes employed in practice are nec-
essarily ill-conditioned and inevitably magnify the
data and modeling errors, Thus, for the upper lay-
ers, the predicted stiffnesses may be considerably
in error.

In principle, nonlinear elastic models of pave-
ment structures (5) would appear to offer some im-
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provement over the simpler lipear analyses commonly
used. Unfortunately, there are grave difficulties in
applying such analyses in practice. Among these are
the uncertainties in determining the in situ stress
state, selection of an appropriate constitutive law,
and determination of the material parameters. Sub-
grade response may depend on whether 1loading takes
place under drained or undrained conditions, which
in turn is dependent on soil type and loading rate.

Moreover, potentially grave modeling errors re-
sult from neglecting the inertial response of pave-
ments to dynamic excitation. In the following sec-
tions, a brief description of an elastodynamic
algorithm for harmonic 1loading of horizontally
layered strata is described. The deflections pre-
dicted by this model are gquite different from those
of an equivalent static analysis. Thus the solution
of the inverse problem using a static analysis may
be subject to significant error,

METHOD OF ANALYSIS
The governing equation for steady-state elastodynam-

ics (i.e., harmonic motion) is the well-known Helm-
holtz equation (11)

2 2
C; grad(div u) - Cg curl(curl u) + p w u =0 (1)

are the pressure and shear wave
u is the displacement vec-

where and Cg
velocities, respectively;

tor; and w is the circular frequency of excita-
tion. The displacement vector in Equation 1 can be
expressed in the form:

u(t) = uy*elvt (2)

in which u* are the (complex) amplitudes of the dis-
placement vector, t denotes time, and i is the unit
imaginary number. The wave velocities are related to
the stiffness and mass density of the solid by the

equations:

Cp = {[E(L = w1/(1 + p) (1 - 2up1}1/2 (3)

{E/[2(1 + v)p]}1/2 (4)

0

Cs
where E, u, and p are the Young's modulus, Poisson's
ratio, and mass density, respectively.

Clearly, integration of Equation 1 for any but
the simplest boundary conditions is impossible by
analytical means. The only closed-form solution
available is for a point load excitation in an in-
finitely extensive homogeneous medium. Solutions for
the present (layered) problem must therefore be ob=-
tained by numerical means. In this analysis, the
usual assumptions of material linearity and isotropy
are invoked. Soil and pavement lavers are assumed to
be unbounded laterally but are underlain by a rigid
(reflective) bedrock layer at a finite depth, and
full interface bonding (no slip) conditions are
assumed at the layer interfaces.

The numerical solution of Kausel and Peek (12) ,
which is used here, involves subdivision of the
given layered system into thin artificial sublayers.
For each sublayer, a stiffness matrix in the so-
called frequency-wave number (transform) domain may

be found:

Py Uy

_ = IR (5)
Py Up
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in which the superscript bar indicates transformed

guantities; P and U are interface forces and dis-
placements; subscripts 1 and 2 denote the upper and
lower interfaces, respectively; and (K] is a matrix
whose elements are simple algebraic functions of the
mass densities and elastic moduli of the layer and
the frequency of excitation. The simple form of [K]
follows from the assumption that the displacements
vary linearly (in the direction of layering) between
adjacent interfaces. It is important, therefore,
that sufficiently thin layers be specified to pre-
serve accuracy. Stiffness matrices for each layer
can then be assembled, in the finite element sense,
to form a global stiffness matrix. The relative sim—
plicity of this approximate method, in comparison
with the "exact" methods that involve numerical
evaluation of highly oscillatory infinite integrals
(13) , renders the layered pavement structure problem
tractable.

PAVEMENT PROPERTIES

Material Damping

Material damping refers to the internal energy dis-
sipation that occurs in real materials subjected to
dynamic loading. Granular pavement materials (e.q.,
gravels) exhibit hysteretic damping behavior mani-
fested by a frequency-invariant damping ratio; typi-
cal values for the damping ratio for such soils are
approximately 5 percent (14). This value is adopted
in the numerical study that follows. It should be
noted, however, that by far the major component of
energy dissipation in pavements results from radi-
ation (geometric) damping; that is, the dispersion
of energy from the source of excitation to the far
field. Using the correspondence principle of wvisco-
elasticity, material damping can be easily incorpo-
rated in the analysis by replacing Young's modulus
in Equations 3 and 4 by its complex counterpart;
that is,

E* = E(1 + 2iB) (6)

where B is the damping ratio.

Resilient and Dynamic Moduli

The stress-strain relations of isotropic elastic
materials are, in classical formulations, expressed
in terms of fundamental material parameters (e.g.,
Young's modulus and Poisson's ratio). But in highway
engineering it has become common to define state-
dependent parameters such as the resilient modulus
and the dynamic modulus. These parameters are often
used to interpret the nonlinear and the time-depen-
dent response of pavement materials. The resilient
modulus is obtained by subjecting a specimen to re-
peated stress reversals and measuring the recover-
able strain after a number of load applications, as
shown in Figure 3, The resilient modulus, therefore,
is the Young's modulus of the material after many
load repetitions (i.e., the shake-down modulus of
the material), which is normally different from the
initial value. On the other hand, the dynamic modu-
lus is obtained by subjecting a finite specimen to
harmonic loading: it is simply the ratio of the
stress amplitude to the corresponding strain ampli-
tude as shown in Figure 4.

Clearly, the resilient modulus is relevant in
analyses of pavement deflections in that field data
reflect the current stiffness of pavements. However,
the dynamic modulus is irrelevant (except as noted
later) to dynamic analyses of pavement deflections
notwithstanding the apparently widely held contrary

INITIAL
MODULUS
OF ELASTICITY

RESILIENT
MODULUS

STRESS

STRAIN

FIGURE 3 Definition of
resilient modulus,
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FIGURE 4 Definition of dynamic
modulus.

view. Clearly, because the elastodynamic equations
of equilibrium cannot be recovered from the corre-
sponding static equations by substituting frequency-

dependent moduli, analyses based on such methods
must be inconsistent and often yield completely
erroneous results, Such analyses cannot, for ex-

ample, predict a resonant condition.
Laboratory measured values of complex moduli can,

however, yield valuable information on the funda-
mental material parameters (stiffness, internal
damping) provided that these tests are properly

interpreted (e.g., with due recognition of the iner-
tia of the specimen itself). Such data, combined
with a rigorous elastodynamic theory for the pave-
ment structure, offer the greatest promise for real
progress in evaluating the response of pavements to
moving loads.

ANALYSIS AND RESULTS

The theoretical analysis of the twin-plate Road
Rater device (Figure 5) involved idealization of the
loading platens by two flexible circular plates 3
in. in radius spaced 10.5 in. center~to-center. The
geophones were assumed to be located 12 in. apart
with the first one located midway between the two
platens. Surface deflections were computed at each
of the four geophones for a number of representative

i DIRECTION
[ — OF TRAFFIC
JEnE
< 2 GEOPHONE
i __gNO1_,NO.2 NO.3  ,NO.4
—.‘D/LOADWG PLATE
pt2in. . W2in. 4, 2in. |

FIGURE 5 Schematic diagram of the
Road Rater.



TABLE 1 Properties of Pavement Layers
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Thickness H(in.) Young’s Modulus E(ksi) Poisson’s Mass

Ratio Density.

Layer Thin Medium  Thick Soft Medium  Stiff u (lbm/fta)
Surface 1 2 4 100 500 2,000 0.35 150
Base 3 6 12 50 100 200 0.40 145
Subbase ' 6 12 24 10 20 40 0.40 135
Subgrade 150 150 150 4 8 16 0.45 120

pavement structures (Table 1) for frequencies of normalized with respect to the static deflections.

excitation of 0 to 50 Hz, which broadly encompass
the capability of the Road Rater.

Figure 6 shows the displacement at the first geo-
phone as a function of layer thickness and stiffness
under static and harmonic (25 Hz) loading conditions
of unit stress intensity. For both static and dy-
namic loading conditions, deformations are greatest
for the thin, soft pavements. Moreover, in all cases
the static displacements are greater than the dy-
namic displacements. For the thick, soft pavement,
the static displacements are 50 percent greater than
the dynamic displacements.

Typical data illustrating the influence of in-
creasing frequency on the deflections measured at
the geophones are shown in Figure 7. These data are

AagvERTICAL
L. - CoErLecTIoN
B OYNAMIC fosi, T30M0 7 ind

FIGURE 6 Surface deflections at geophone 1 under unit static and
25 Hz dynamic loading conditions.

" :DYNAMIC/‘SSTATIC

FIGURE 7 Dynamic-to-static surface deflection ratios for
medium thickness, stiff pavement.

For each geophone, the dynamic deflections initially
increase sharply with increasing frequency but
thereafter decay. A medium thickness, stiff pavement
was analyzed to obtain these data although similar
results were obtained for pavements with the same
geometry but consisting of medium stiffness and soft
materials, respectively.

The initial increase in deflection at low fre-
quencies is due to excitation of resonance in the
subgrade (a phenomenon that is explored in more de-
tail subsequently), and the relatively low deflec-
tions at higher freguencies are a manifestation of
inertial effects. Neither of these phenomena can be
reproduced by static analyses of this problem. Al-
though the trend of the results is similar for pave-
ments of different stiffnesses and geometries, the
numerical data are sensitive to these parameters.
Moreover, the deflections at different locations
from the load are correlated only very approxi-
mately. This observation is evident from Figqure 6,
which shows that the deflection ratios at a typical
frequency employed in practice (25 Hz) are sensitive
to both geophone location and layer geometry.
Whereas for thick pavement the deflection ratios are
virtually equal at all geophones, the static dis-
placement exceeds the dynamic displacement by ap-
proximately 30 percent. Consequently, pavement mod-
uli would be overestimated by a similar margin if
deflection data were analyzed by a static analysis.
Such an analysis of pavement deflections for the
thin pavement (Figure 8) raises greater difficulties
because the deflection ratios are not the same for
each geophone. In most iterative-solution schemes,
the stiffness of the subgrade, which is assumed to
be primarily a function of the deflection at the
outermost geophone, would be underestimated by ap-
proximately 35 percent in this case. The relatively
low deflection ratios at the geophones nearest the
Road Rater would in conseguence yield anomalously
high moduli for the upper pavement layers (despite
the virtually identical static and dynamic deflec-
tions for these geophones).
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FIGURE 8 Dynamic-to-static surface deflection
ratios at various geophone locations.
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The effect of pavement stiffness on the dynamic
response of pavements is shown in Figure 9. The
plots for the soft, medium-stiff, and stiff pave-
ments exhibit similar trends. Most noteworthy is
that the peak deflection ratios (at resonance) are
virtually the same for each of the three pavements,
but the resonance frequencies are distinctly differ-
ent. Examination of the data reveals that these res-
onant frequencies are proportional to the square
root of the pavement stiffness and are, therefore,
proportional to the wave velocities. Figure 10 shows
the effect of the depth of subgrade on the dynamic
response of the pavement. If the subgrade is shal-
low, marked resonances may occur and the dynamic
deflections may greatly exceed those obtained under
static loading conditions. The fundamental frequency
when the first resonant mode is excited is almost
inversely proportional to the depth of the subgrade,
which lends credence to the supposition that reso-
nance occurs principally in the subgrade. The de~
flection ratios at resonance are greatest for the
most shallow subgrade. Clearly, at resonance a
static analysis of deflection data will yield erro-
neous results. In practice, if a resonance condition
is suspected, perhaps bhecause of fluctuating geo=-
phone readings (9), then the Road Rater's frequency
of excitation can be changed by the field operators.
However, as Figure 10 shows, because the deflection
ratios are unity at only one frequency, selectilon of
an arbitrary frequency of operation will not in gen-
eral prove satisfactory. Finally, it is worth noting
that second harmonics are excited at frequencies
approximately twice that of the fundamental. These
resonances are, however, relatively small,
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FIGURE 9 Influence of pavement stiffness on the
pavement resonant response recorded at geophone
1
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FIGURE 10 Influence of subgrade thickness on
the pavement resonant response recorded at
geophone 1.

As a working hypothesis, the evidence of Figures
9 and 10 suggests that resonance occurs when the
frequency of excitation of the Road Rater satisfies
the semiempirical equation:

£ = 0.4 Cg/H (7)

where H is the thickness of the subgrade and Cg is
the shear wave velocity of the subgrade.

If the frequency of excitation of the Road Rater
is increased by 50 percent above the resonant fre-
quency, obtained either by means of Equation 7 or by
field observation, then the dynamic displacements
measured at this higher frequency correspond closely
to the static displacement, at least for the range
of pavement structures considered in this study.
Figures 11 and 12 are plots of the in-phase and 90-
degree out-of-phase displacements relative to the
Road Rater loading cycle for a typical pavement. The
data are plotted as components of the complex ampli-
tude of the deflection (u*) in which the real part
Re(u) signifies the in-phase displacement and the
imaginary part Im(u) signifies the out-of-phase dis-
placement. Clearly, at low frequencies, the out-of-
phase displacements are zero. The trend of the data
is the same for all geophones (resonance occurs at
approximately 11 Hz) but at high fregquencies the
geophones' responses become increasingly out-of-
phase not only with the load but also with each

other, which is manifested by differences in the
ratios of Im(u) to Re(u) among the geophones. In
reality, this implies that the wavelength of the

surface waves generated by the Road Rater at high
frequencies is of the same order of magnitude as the
separation of the geophones. Therefore, only at low
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FIGURE 11 In-phase components of displacement.
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frequencies, or under static loading, is the notion
of a dish-shaped deflection basin valid.

DISCUSSION

The numerical results of this study indicate that
the response of pavements to dynamic loading may be
significantly different from their response to
static loading. These differences are principally
the result of the inertial forces that resist the
motion of the pavement and, at certain frequencies,
excite resonances, not the result of the dynamic
properties of the pavement materials themselves.
Because static analyses cannot be used to predict
these phenomena, back-calculation of the stiffness
of pavement materials from deflection measurements
gained under dynamic loading conditions should be
undertaken with caution. Unfortunately, there does
not appear to be any simple procedure for determin-
ing the deflection ratios as a function of frequency
of excitation, pavement stiffness and geometry, and
geophone location. Even for a given pavement, the
deflection ratios are not the same at each geophone.
The evidence suggests that deflection ratios tend to
increase with increasing subgrade stiffness and de-
creasing pavement stiffness but tend to decrease at
high frequencies (beyond the resonant frequency).
The latter trend is simply a consequence of the
inertial forces that increase rapidly with increas-
ing frequency.

Perhaps the most interesting result obtained from
this study is the observation that resonances may be
excited in the subgrade. At or near these resonant
frequencies, the dynamic deflections may be substan-
tially higher than the corresponding static deflec-
tions. Thus, at some higher freguency, because the
deflection ratios tend to decrease with increasing
frequency, the dynamic and static deflections become

equal. As a consequence, under these conditions a
static analysis of the dynamic deflections will
yield the correct values of the pavement layer

stiffnesses. As a good first approximation it can be
assumed that resonance occurs simultaneously at all
geophones although this is not a necessary assump-
tion.

On the basis of this study, it would appear rea-
sonable to suggest that Road Rater deflection mea-
surements should be secured at a number of different
frequencies in order to determine the displacement~
frequency response. From these data it should be
possible to make a good estimate of the static de-
flection response. The evidence of this study sug-
gests that a frequency of excitation 50 percent
higher than the resonant frequency will yield de-
flection ratios of unity, but caution should be
exercised in applying this result in practice be-
cause field conditions obviously depart in many ways
from the idealized model analyzed here. Devices such
as the Dynaflect, which operates at a fixed fre-
quency (8 Hz) and cannot offer the flexibility nec-
essary to explore the frequency response of pave-
ments, should be used with caution,

CONCLUSIONS

Pavement deflections generated by such vibratory
loading devices as the Road Rater may be substan-
tially different from those obtained under static
loading conditions.

Static analyses of dynamic pavement deflections
may yield misleading results if the operating fre-
quency of the loading device is approximately equal
to the resonant frequency of the pavement system or
is so high that inertial forces become dominant.
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Resonance arises principally in the subgrade and
may be quite marked if the subgrade is shallow. In
practice, a resonant condition may be detected in
extreme cases by unsatisfactory operation of the
data acquisition devices although, more generally,

deflection frequency plots may be constructed for
this purpose.
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Dynamic Interpretation of Dynaflect and
Falling Weight Deflectometer Tests

JOSE M. ROESSET and KO-YOUNG SHAO

ABSTRACT

The Dynaflect and the falling weight deflectometer are commonly used for non-
destructive testing of pavements. In both cases a dynamic load is imparted, and
the determination of the mechanical properties of the pavement, the base, and
the subbase is normally performed by comparing the measured deflections at var-
ious points along the surface to results of static analyses that consider the
subbase as a homogeneous, elastic half-space. In this paper, the displacements
obtained from dynamic analyses are compared to those provided by conventional
static programs when the subbase is a homogeneous soil stratum of finite depth
resting on a much stiffer rocklike material and when the soil properties
increase smoothly with depth, as is often the case. The results of these
comparisons indicate that for certain ranges of depth to bedrock a static
interpretation of the Dynaflect and falling weight deflectometer tests may lead
to substantial errors. Situations in which these errors are important are more
likely to be encountered with the Dynaflect than with the falling weight de-

flectometer.

The Dynaflect and the falling weight deflectometer
are commonly used for nondestructive testing of
pavements. The Dynaflect consists of a force genera-
tor and five geophones housed in a small trailer,
which is towed by a light vehicle. The loading sys-
tem consists of two counterrotating eccentric
masses. The resulting vertical force varies harmon-
ically with time. At a frequency of 8 Hz, a 1,000-1b
peak-to-peak oscillating force and a base load of
1,000 1b are transmitted to the pavement through the
loading wheels. The resulting deflection basin is
measured by five geophones that are mounted on the
trailer draw bar at l1l2~in. intervals. The positions
of the geophones (STl through ST5) with respect to
the wheels are shown schematically in Figure 1.

The falling weight deflectometer has a 330.7-1b
(150-kg) weight mounted on a vertical shaft and
housed in a compact trailer that can easily be towed
by most conventional passenger cars. The weight is
hydraulically 1lifted to a predetermined height
(ranging from 0 to 15.7 in. or 0 to 400 mm). It is
then dropped onto a rubber pad 11.8 in. (300 mm)

thick, that helps to distribute the load uniformly
over the loading area. The resulting load is a force
impulse with a duration of approximately 30 msec and
a peak magnitude ranging from 9 to 14,000 lbs (0 to
60 000 N) depending on the drop height. The peak
force and maximum deflections at various points
along the surface are measured by load cells and
velocity transducers. The applied pressure is mea-
sured in kilopascals and the deflections in microme-
ters.

In the case of the Dynaflect the deflections mea-
sured at the various stations represent the ampli-
tudes of the steady-state displacements at a given
frequency (8 Hz). For the falling weight deflectom=-
eter they are the peak displacements under a tran-
sient-type excitation. In both cases the tests are
dynamic in nature, but the interpretation of their
results to estimate the elastic properties of the
pavement, base, and subbase relies on static analy-
ses. Purthermore, these analyses assume that the
soil in the subbase is an elastic, homogeneous, and
isotropic half-space. In many cases soil properties
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FIGURE 1 Geometric configuration of loads and
stations for Dynaflect and falling weight
deflectometer.

will vary with depth and the soil will be underlain
at some depth by stiffer, rocklike material.

The purpose of this work is to determine the dy-
namic displacements at points along the surface of a
pavement excited by forces simulating the excitation
of the Dynaflect and the falling weight deflectom-
eter. These displacements are compared for various
depths to bedrock with those resulting from static
analyses for the same soil profile and assuming an
elastic half-space (the normal assumption). The dy-
namic deflection bulbs obtained from the analyses
are then used as input for the standard backfiguring
process to estimate the elastic moduli of the pave-
ment, base, and subbase in order to assess the er-
rors induced by neglecting dynamic effects.

FORMULATION

Consider a soil deposit that consists of horizontal
layers. The mass density and the elastic moduli of
the soil may change with depth, from layer to layer,
but are assumed to be constant over each layer. For
the present application the top layer would repre-
sent the pavement (assuming that it extends to in-
finity in both horizontal directions), the second
layer would be the base, and the remaining lavers
would represent the soil of the subbase. An accurate
solution would require consideration of the finite
width of the pavement. Even so, for the purposes of
this study, these simplifying assumptions should not
be unreasonable. The determination of the response
of this soil deposit to dynamic loads applied at the
surface (or at any point within the soil mass) falls
mathematically into the area of wave propagation
theory.

The formulation of these problems always starts
by considering steady-state harmonic forces and dis-
placements at a given frequency. For a harmonic ex-
citation, as caused by a vibrating machine rotating
at a specified velocity (case of the Dynaflect), the
solution at the corresponding frequency provides
directly the desired results. For an arbitrary
transient excitation (case of the falling weight
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deflectometer), the time history of the specified
forces must be decomposed into different frequency
components using a Fourier series, or more conve-
niently a Fourier transform. Results are then ob-
tained for each term of the serles (each frequency)
and combined to obtain the time history of displace-
ments (inverse Fourier transform).

For an isolated layer with uniform properties,
the stresses and displacements along the top and
bottom surfaces can be expanded in a double Fourier
series (or Fourier transform) in the two horizontal
directions for Cartesian coordinates, or in a Fou-
rier series in the circumferential direction and a
series of modified Bessel functions in the radial
direction for cylindrical coordinates. For each term
of these series, corresponding to a given wave num-
ber, there can be determined closed-form analytical
expressions in the form of a transfer matrix relat-
ing amplitudes of stresses and displacements at the
bottom surface to the corresponding quantities at
the top (or wvice versa). This approach [Thomson (1)
and Haskell (2)] has served as the basis for most
studies on wave propagation through layered media in
the last 30 years. An alternative is to relate the
stresses at both surfaces to the displacements, ob-
taining a dynamic stiffness matrix for the layer
(3), which can be used and understood in much the
same way as those in structural analysis. For a
half-space, the stiffness matrix relates directly
stresses and displacements at the top surface be~
cause the bottom surface is pushed to infinity.
Assembling the stiffness matrices of the different
layers, there can be obtained a stiffness matrix for
the complete soil deposit, which relates forces per
unit of area applied at the free surface, or the
interfaces between the layers, to the displacements
at the same elevations.

The terms of the transfer or stiffness matrices
of each layer are transcendental functions (complex
exponentials). In addition, results must be obtained
for each term of the Fourier series decomposition
(each wave number), then combined, normally by
numerical integration, to obtain the solution for a
specified load distribution. On the other hand, the
thickness of the layers is controlled only by physi-
cal considerations and the assumption of uniform
properties. This makes the procedure particularly
convenient when dealing with a homogeneous half-
space or a small number of layers but extremely ex-
pensive when a large number of layers are needed to
reproduce properly the variation of soil properties
with depth. Formulations along these lines have been
implemented by Gazetas (4) in Cartesian coordinates
and by Apsel (5) in cylindrical coordinates,

When the layers are extremely thin, the transcen-
dental functions representing the variation of dis-
placements with depth can be approximated over each
layer by a straight line (or higher order polynomial
expansions) . The solution (displacements and
stresses) is then expressed in terms of the exact
analytical expressions in the two horizontal (or
radial and circumferential) directions and in terms
of simpler polynomial expansions in the vertical
direction (as in a finite element formulation). This
approximation leads to much simpler algebraic ex-
pressions for the terms of the transfer or stiffness
matrices of the layers. In addition, when the soil
is underlain by a much stiffer, rocklike material,
which can be considered rigid, it is possible to
determine the wave numbers (eigenvalues) and the
mode shapes (eigenvectors) of the waves propagating
through the soil deposit by solving an algebraic
eigenvalue problem (6,7). Expressing the solution in
terms of these mocde shapes (eigenfunction expan-
sion), Kausel (8) was able to obtain explicit solu-
tions for the displacements caused by harmonic dy-
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namic loads in a layered soil deposit. Kausel's
formulation is particularly efficient from the point
of view of computation, but the layers must be suf-
ficiently thin to reproduce accurately the variation
of the displacements with depth with a piecewise
linear approximation.

Because the purpose of this work was to investi-
gate the effects of depth to bedrock and variation
of soil properties with depth on the dynamic re-
sponse of a pavement, it was decided to use Kausel's
formulation. The formulation was implemented in a
computer program and the results were compared with
those published by Kausel (8) with excellent agree-
ment. Because of the discrete nature of the formula-
tion, before it is applied, an appropriate mesh size
(thickness of the sublayers) to guarantee an ac-
curate solution must be determined.

Studies were conducted first for static 1loads
(zero frequency), a homogeneous soil deposit of
finite depth, and a vertical load on the surface
uniformly distributed over a circular area with a
radius (ry,) of 1 in. (simulating the loading in
the Dynaflect) or 6 in. (approximate dimensions of
the loading plate of the falling weight deflectom-
eter). The properties of the soil deposit are shown
in Figure 1. This represents another approximation
because the load distribution for the Dynaflect will
be more nearly elliptical. This simplification ap-
pears to be justified for the purposes of this
study. A model with all layers of the same thickness
was initially considered. Figure 2 shows typical
results for a deposit 40 ft deep. The displacements
at the center of the loaded area and at distances
(d) of 2 and 4 ft from this point are divided by the
exact solution and plotted versus the inverse of the
number of layers. Ten layers correspond, therefore,
to a layer thickness of 4 ft. It can be seen from
this figure that excellent results are obtained at
distances of 2 and 4 ft even with the coarser mesh
(10 layers). The error for a distance of 2 ft is
slightly larger for the small loaded area (radius of
1 in.), but it is only 2 percent with the coarse
mesh. Results at the center of the loaded area are,
on the other hand, extremely poor even when taking
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FIGURE 2 Variation of displacements with number of
layers at H = 40 ft, Wg = exact solution.

40 layers (thickness of 1 ft for each layer), and
they are much worse for the small loaded area. This
indicates that for static loads the thickness of the
layers has to decrease with decreasing distance be-
tween the load and the point where displacements are
computed.

Figure 3 shows the ratio (wg/w.) where wy is the
displacement for a stratum of depth H and w, is
the displacement for a half-space. The displacements
are computed at the center of the loaded area and at
distances (d) of 2 and 4 ft. They are plotted versus
the inverse of the stratum thickness to better il-
lustrate the convergence rate. The results indicate
that the displacement is nearly inversely propor-
tional to H. It is interesting to note that at the
center of the loaded area the displacements for a
stratum with a depth of only 8 ft are already within
1 percent of the results for a half-space with a
radius of 1 in. and within 5 percent for the 6-in.
radius. The depth needed to reproduce a half-space
increases clearly with increasing distance between
the load and the point where displacements are com-
puted. This suggests also that close to the load the
static displacements are affected only by the soil
properties near the surface, whereas for increasing
distances the soil properties at larger depths will
influence the results more significantly.
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FIGURE 3 Variation of displacements with depth to
bedrock.

On the basis of the observations from these two
series of studies, it was decided that an improve-
ment in the accuracy and the economy of the computa-
tions could be obtained by taking thin sublayers
near the surface and gradually increasing their
thickness with depth. The distance from the center
of the loaded area to the point where the displace-
ments are computed was designated D, and a rule was
derived to automatically generate a desired mesh.
According to this rule the first D ft are divided
into 2N sublayers of equal thickness, and the next D
ft are divided into N sublayers. N sublayers are
then used for the following 2D ft, the next 4D ft,
and so forth. When results are desired under the
loaded area the distance D is replaced by the radius
of the loaded area. For a nonhomogeneous soil de-~
posit (such as a pavement), the thickness of each
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TABLE 1 Displacements for Different Meshes (10°® ft)

Radius Center Point d=2ft d=4ft
of Disk

(in.)

6 2
8 35.27 34.88 33.48 8

32 36.58 36.20 34.78 32

128 36.92 36.53 35.10 128

1 5.33 219.6 217.3 208.7 8
21,33 221.6 219:2 210.7 32

85.33 222.1 219.8 211.2 128

H (ft) Fine Standard Coarse H (ft) Fine Standard  Coarse H (ft) Fine Standard  Coarse

0.7664
1.884
2.209
0.7607
1.879
2.205

2.971
4237
4.566
2.932
4.200
4.529

2,970
4.230
4,351
2.930
4,192
4.519

2.909 8
4,148 32
4.472 128
2.873 8
4.113 32
4.437 128

0.7609
1.887
2.214
0.7553
1.883
2,209

0.7613
1.847
2.168
0.7560
1.843
2.164

sublayer is the smaller of the value suggested by
the rule or the actual physical dimension of the
layer. When the physical thickness controls, the
mesh generated according to the rule is subdivided
automatically to accommodate this criterion. Fi-
nally, when the results are obtained simultaneously
at various points, the smallest D (or the radius of
the loaded area) controls.

This rule was used to construct meshes with
values of N equal to 4, 2, and 1. These will be
referred to as fine, standard, and coarse mesh, re-
spectively. Results were then obtained for a homoge-
neous soil deposit with a Young's modulus (E) of 20
ksi and a Poisson's ratio of 0.4. The displacements
obtained with the coarse mesh are within 5 percent
of those of the fine mesh at the center of the
loaded area and improve in accuracy for qgreater dis-
tances. The results with the standard mesh differ
from those with the fine mesh by less than 1.5 per-
cent at the center of the loaded area and are again
even closer for greater distances (Table 1l). It was
concluded from these results that the standard mesh
should be sufficiently accurate for most practical
applications. Given the wvarious approximations and
uncertainties involved in all phases of these analy-
ses, the coarse mesh may be adeguate in many cases.

Using these three meshes and the same soil pro-
file, parametric studies were conducted next for a
dynamic excitation and different frequencies., It is
a commonly accepted rule of thumb, in dynamic stud-
ies using finite element models, that the size of
the elements must be of the order of one-quarter to
one-sixth of the wavelength to obtain reasonably
accurate results. The wavelength is equal to the
shear wave velocity of the material divided by the
frequency for shear waves and the P wave velocity
divided by the frequency for compressional or dila-
tational waves. If E is Young's modulus of the ma-
terial, v its Poisson's ratio, and p its mass
density, the shear modulus is

G E/2(1 + v) (1)

and the constrained modulus is

A+ 26 =E(1 -v)/(1 +v)(1l - 2u) (2)

The shear wave velocity (vg) is then given by

vg = G/p (3)

and the P wave velocity is

ve = (A + 2G)/p = v? 2(1 - v) /(L ~ 2v) (4)
The Rayleigh wave velocity, associated with surface
waves dgenerated by a surface 1loading, is only
slightly smaller than the shear wave velocity (vg).
Figure 4 shows the amplitude of the steady-state
displacements obtained with the fine and standard
meshes at a point 5 ft from the center of the loaded
area. The displacements are plotted versus a dimen-

MESH

& — FINE
© — STANDARD

0.40

, 030

Deflection, 1076, ft
0.?0

0.10

(o}

(@] T T Q2
00 0.40 .20 2.00
Dimensionless Frequency

FIGURE 4 Amplitude of displacements at Point 7,
fine and standard meshes.

T

sionless frequency. A value of the dimensionless
freguency of 1 corresponds to an actual frequency of
16 Hz and a wavelength of approximately 32 ft. The
maximum layer thickness, at the bottom of the soil
profile, in the standard mesh is 8 ft and in the
fine mesh 4 ft. It can be seen that the results are
in good agreement up to a dimensionless frequency of
about 1, corresponding to a wavelength equal to four
times the maximum layer thickness of the standard
mesh. For higher frequencies the results of the
standard mesh exhibit a series of sharp peaks that
are not present in the more refined solution. Figure
5 shows similar results using the fine mesh and a
mesh with twice the number of layers (each layer
half the thickness of those in the fine mesh). The
two solutions are almost identical up to a dimen-
sionless frequency of about 2, corresponding to a
wavelength equal to four times the maximum layer
thickness of the fine mesh. In both cases the agree-
ment is even better when the displacements at closer
distances are considered. The distances involved in
the Dynaflect and falling weight deflectometer tests
are smaller than or equal to 6 ft,
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Figure 6 shows the results using the fine and
coarse meshes. The differences in this case are of
the same order of magnitude as those reported for
static loads in the low-frequency range, but they
become much more pronounced for dimensionless fre-
quencies greater than 0.4 (wavelengths less than 5
times the maximum layer thickness).

These results appear to confirm the validity of
the rule of thumb commonly used in practice. The
standard mesh will provide good results for the
dynamic case as long as the wavelengths are longer
than four times the maximum thickness of any laver.
For higher frequencies the mesh must be modified to
satisfy this additional constraint (reducing the
thickness of the bottom layers).

SIMULATION OF DYNAFLECT TESTS

A pavement system was selected to evaluate the im-
portance of dynamic effects on the results of the
Dynaflect tests (Figure 7). The pavement has a
thickness of 2.5 in. and a Young's modulus of 200
ksi; the base has a thickness of 15 in. and a mod-
ulus of 78.5 ksi. The soil of the subbase was con-
sidered homogeneous with a Young's modulus of 29 ksi
and with a modulus starting with this value at the
top and increasing with depth. Different depths to
bedrock were used in the range from 10 to 110 ft.
Displacements were computed at the points corre-
sponding to the stations of the Dynaflect for a
static load and for a freguency of 8 Hz.

Figure 8 shows the variation of the static dis-
placements with depth to bedrock at the five sta-
tions. Figure 9 shows the corresponding results for
a frequency of 8 Hz, typical of Dynaflect tests.

2.5" I E=-200000 Psi VU= 0.35
A

e’ E = 78500 pPst V=035
L

Y £ = 29000 pse P = 0.40
'

Rock

FIGURE 7 Profile of pavement used for studies.
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Figure 10 shows, finally, the ratio of the dynamic
to the static displacements at Points 1 (between two
wheels) and 5 (farthest from the 1loads). As the
depth to bedrock increases so does the ratio of dy-
namic to static deflections, reaching a peak for a
depth of approximately 35 ft and a second, much
sharper peak for a depth of about 42 ft and exhib-
iting a sharp valley immediately after. As the depth
to bedrock continues to increase the ratio appears
to tend to 1 from above. Additional studies assuming
2 and 3 percent internal damping in the soil indi-
cated that the first peak was only slightly affected
by the existence of a small amount of material damp-
ing (which can always be expected) but that the sec-
ond peak and the following trough disappeared almost
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FIGURE 10 Ratio of dynamic to static deflections, Points 1 and
5—Dynaflect.

entirely. The range of depths over which there is a
substantial dynamic amplification of the deflections
is closely associated with the depths for which a
frequency of 8 Hz represents the natural frequencies
of the soil deposit in shear and dilatation. These
would be 20 and 48 ft, respectively.

Because the elastic properties of the pavement,
base, and subbase are normally determined by compar-
ing the measured deflections to those resulting from
static analyses assuming that the subbase is an
elastic half-space, it is perhaps more interesting
to compare the dynamic results to the static deflec-
tions for an infinite depth to bedrock. The ratio of
these deflections for Points 1 and 5 is shown in
Figure 11. These results indicate that for shallow
depths to bedrock (less than 20 or 25 ft) the dy-
namic deflections are smaller than the static de-
flections for a half-space (although they are larger
than the static deflections for the same soil pro-
file with a finite depth). For a range of depths of
from 25 to 40 ft the dynamic results are larger than
the static ones because the dynamic amplification is
more pronounced as the distance to the load in-
creases. For depths greater than 50 or 60 ft the
ratio of dynamic to static displacements is close to
1. It is thus for depths to bedrock of less than 40
ft that the errors committed by the present inter-
pretation procedures can be most serious for this
particular profile. (Greater depths would be signif-
icant if the soil of the subbase were stiffer than
the one selected for this study.)

Determination of the characteristics of the pro-
file from the measured deflections falls into the
general category of system identification problems
(sometimes referred to as the inverse problem). Be-
cause only five deflections are available, it ‘is
often assumed that the thickness of the pavement and
the base are known and that the only unknowns are
the moduli of elasticity. These moduli are normally
estimated by a trial and error procedure, assuming a
set of values, computing the corresponding static
deflections, comparing them to the measured values,
and iterating until the differences are smaller than
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an acceptable tolerance. Unfortunately, uniqueness
of the solution cannot be guaranteed and different
sets of elastic moduli can produce results that are
within the specified tolerance.

To get a better feeling for the significance of
the difference between static and dynamic displace-
ments, the deflection bulbs computed for depths to
bedrock of 10, 20, 35, and 110 ft were used as input
to the identification procedure. The exact values of
the elastic moduli were used as initial guesses and
a gradient search technique was used in an attempt
to converge to an optimum match using the computer
program BASSD2 (9). The results of these studies are
given in Table 2., Listed in the table are the com-
puted deflections, the estimated values of the elas-
tic moduli, and the errors in these moduli. It can
be seen that for a depth to bedrock of only 10 ft
the stiffness of the subbase is badly overestimated,
whereas the modulus of elasticity of the base as
well as the modulus of the pavement are underesti-
mated. This occurs because the dynamic and finite
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layer effects are more pronounced for the farthest
stations, the deflections of which are heavily in-
fluenced by the soil properties at greater depths.
For a depth to bedrock of 20 ft the properties of
the base and the soil are accurately determined, but
the modulus of the pavement is badly overestimated.
For a depth of 35 ft the modulli of the pavement and
the base are both overestimated and the stiffness of
the subbase is underestimated. This situation is the
reverse of that encountered for a depth of 10 ft.
When the depth of bedrock is 110 ft the results are
more reasonable although the estimated modulus of
the pavement is still 24 percent too high.

It is important to keep in mind that these re-
sults are not unique and that another person might
obtain different values of the moduli with the same
quality of fit. Even so, it is believed that the
results illustrate reasonably well the type of er-
rors and the variation in estimated properties that
can be expected.

The same series of studies was conducted assuming
that the soil properties increased gradually with
depth. Figure 12 shows the ratio of the dynamic de-
flections for the soil profile with bedrock at a
finite depth to the static deflections assuming that
the subbase is homogeneous and extends to infinity.
Notice that in this case the range of depths over
which there is a substantial dynamic amplification
is somewhat larger (from 20 to 60 ft approximately)
because the subbase is effectively stiffer. An
amplification effect is still apparent for a depth
to bedrock of 110 ft whereas for the homogeneous
soil the ratio of dynamic to static deflections is
close to 1 for these depths,

SIMULATION OF FALLING WEIGHT DEFLECTOMETER TESTS

Because the loads applied by the falling weight de-
flectometer are transient in nature, 1t is neces-
sary, to simulate the results of this test, to de-
compose the time history of the force into frequency
components using the Fourier transform. Analyses
must then be conducted for a large number of dif-
ferent frequencies to obtain the transfer functions
of the deflections at each point (station). These
transfer functions are then multiplied by the Fou-
rier transform of the input and the resulting func-
tions are converted back to time using the inverse
Fourier transform. The final results are the time
histories of the deflections at the various points.
The complete analysis is clearly much more expensive
than is the case of the Dynaflect where only one
frequency 1s involved. Therefore the studies were

TABLE 2 Deflection Bulbs and Estimated Elastic Moduli for Homogeneous Subbase and

Different Depths to Bedrock—Dynaflect

Displacement (mils)
H

Error

(ft) Point 1 Point 2 Point 3

Young‘s Modulus
)

Point 4 Point 5 (Ib/in (%)

Static L 0.70 0.52 0.36

Dynamic 10 0.61 0.44 0.28

Dynamic 20 0.68 0.51 0.35

Dynamic 35 0.82 0.65 0.48

Dynamic 110 0.69 0.52 0.35

0.26 0.20 200,000
78,500
29,000
150,000 25.0
30,000
45,000
340,500
78,000
29,837
350,000
98,500
20,000
248,370
78,500
29,833

0.17 0.11

QG wmon
2o =
W o oo

0.24 0.18

0.38 0.31

W
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limited to depths to bedrock of 10, 20, 40, and 80
3

The continuous Fourier transform involves an
integral over time (direct transform) or £frequency
(inverse transform) extending from minus infinity or
zero to infinity. In practice, however, a discrete
transform, referred to as the fast Fourier trans-
form, is used. In this case a finite number of
points (power of 2) are selected to reproduce the
function of time at equal time intervals (&t). The
total duration is T = NAt if N is the number of
points. Notice that for an impulse-type 1load the
values of the function will be nonzero for only a
few points. The Fourier transform is then calculated
at N/2 points with a frequency interval Af = 1/T
and a maximum freguency (fpax) equal to 1/24¢t.
Proper selection of these parameters is important to
guarantee the accuracy of the final results. A small
time interval (4t) is desirable to reproduce prop-
erly the time variation of the forcing function and
to ensure that the peak response displacement is not
missed. The total duration (T) should be several
times larger than the actual duration of the load to
ensure that spurious free vibration terms have at-
tenuated; the appropriate value depends on the fun-
damental period of the system and the amount of
damping (in the present case no internal damping is
assumed for the soil and the only source of energy
dissipation results from radiation or geometric
spreading of the waves above the fundamental fre-
quency of the soil stratum). The frequency increment
6f [fixed when the duration (T) has been selected]
should be small to reproduce properly the transfer
function, particularly if it exhibits some sharp
peaks (typical of lightly damped systems). All these
considerations point out the desirability of a small
Lt and a large number of points N. It should be
noticed, however, that as the number of points in-
creases so do the cost of computation and the number
of frequencies for which analyses must be conducted.
As At decreases, the maximum frequency (fay)
increases. This requires more refined meshes and a
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larger number of layers because of the dynamic limi-
tation on the thickness of the layers.

A number of preliminary studies were conducted to
assess the values of At and N required to obtain
reasonably accurate results. It was concluded from
these studies that a value of N equal to 2,048 and a
time interval of approximately 0.002 sec were ap-
propriate for these applications. Figure 13 shows a
typical transfer for the center of the loaded area
and a depth to bedrock of 20 ft. (The transfer
function is actually complex; the amplitude of the
function is shown.) It can be seen that for frequen-
cies larger than 20 Hz the function is relatively
smooth without any pronounced peaks. It was decided,
therefore, to calculate the values of the transfer
functions at frequency intervals of approximately
0.25 Hz in the range from 0 to 20 Hz, 2 Hz from 20
to 60 Hz, and 4 Hz from 60 to 120 Hz. Because the
Af required is of the order of 0.25 Hz the values
of the transfer functions at intermediate points are
evaluated by interpolation between the computed val-
ues. Finally, because f ;4 should be approximately
240 Hz the values between 120 and 240 Hz were ob-
tained by extrapolation. The preliminary studies
indicated that the results obtained with these sim-
plifications (leading to considerable savings in
computer time) were in good agreement with those
obtained using a constant frequency increment of
0.25 Hz over the complete range of fregencies.

Figure 14 shows typical time histories of the
displacements at Point 1 (center of the loaded area)
and Point 7 (farthest station) for a depth to bed-
rock of 20 ft. From these figures the peak deflec-
tion was computed at each station and the deflection
bulb was obtained. Figure 15 shows the ratio of the
dynamic to the static deflections considering bhoth a
finite layer and a half-space for the static analy-
ses. It can be seen that a small amount of dynamic
amplification takes place particularly as the dis-
tance to the load increases although dynamic effects
are much less pronounced than in the case of the
Dynaflect.

20.00 30.00

AMPLITUDE, 1078

10.00

00

60.00 100.00

FREQUENCY, HZ

FIGURE 13 Transfer function at Point 1 (center of load)
at H = 20 ft—falling weight deflectometer.
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The computed deflections and the estimated moduli
of the pavement, base, and subbase for the cases
studied are summarized in Table 3. Although the er-
rors are now much smaller, there are still some sig-
nificant differences for shallow soil deposits
(i.e., 10 ft) where the stiffness of the subbase is
overestimated and for some intermediate depths (40
ft) where the modulus of the subbase is underesti-
mated but that of the pavement is overestimated by
40 percent.

CONCLUSIONS

The results of the studies conducted to date indi-
cate that a static interpretation of the deflections
measured in the Dynaflect tests may be reasonable
when dealing with a homogeneous soil (subbase) ex~
tending to depths of 60 ft or more. When much
stiffer bedrock is encountered at shallower depths
important dynamic amplification can occur. The elas-
tic properties backfigured for the pavement system
using standard techniques can then be substantially
in error. The situation is aggravated when the soil
of the subbase is not homogeneous but its stiffness
increases with depth.

Dynamic effects are less important for the fall-
ing weight deflectometer because a broad range of
frequencies is excited instead of a single one. Even
so there are still some ranges of depth to bedrock
for which the differences in dynamic effects at the
various stations (distorting the shape of the de-
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N
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FIGURE 15 Ratio of dynamic (IMP) to static (H = = ) deflections at H = 20 ft—falling weight deflectometer.

TABLE 3 Deflection Bulbs and Estimated Elastic Moduli for Homogeneous
Subbase and Different Depths to Bedrock, Falling Weight Deflectometer

(displacement x 1078 ft)

Distance to the Center (ft)

H (ft)

0

1

2

3

4

Estimated
(Ib/in?)

Errors

(%)

Static

Dynamic

Dynamic

Dynamic

Dynamic

20

40

80

11.54

10.60

11.06

10.74

11.08

5.139

4.622

4.652

4.860

4.733

3.141

2.842

3.013

3.008

3.073

2.180

1,923

2.073

2,111

2.109

1.611

1.317

1,538

1.590

1.608

1,253

0.9094

1.280

1.288

1.311

1.015

0.7214

1.090

1.086

1.044

200,000
78,500
29,000

200,000
78,500
35,539

200,000
82,200
28,790

287,200
87,375
28,331

200,000
89,131
29,245
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flection bulb)

may lead to erroneous estimates of

the elastic moduli.
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Pavement Evaluation Using Deflection Basin

Measurements and Layered Theory

ALBERT J. BUSH 1II and DON R. ALEXANDER

ABSTRACT

Recent developments through research efforts at the Waterways Experiment Sta-

tion (WES)

put for a layered elastic program

have produced a pavement evaluation procedure that uses deflection
basin measurements from nondestructive test devices.
(BISDEF)

These deflections are in-

that predicts elastic moduli for

each pavement layer for up to a four-layer system. The approach has been veri-
fied through comparison of predicted moduli from the computer program to modulil

from laboratory modulus tests.

The moduli determined from the deflection basin

and BISDEF are then used with limiting strain criteria and a layered elastic

program (AIRPAVE) to determine allowable aircraft loads,

strengthening overlay

requirements, and so forth. The use of a single evaluation procedure that em-
ploys test results from six different nondestructive testing devices to deter-
mine the allowable aircraft load on flexible airfield pavements is evaluated.
Test data presented here were obtained from a side-by-side comparative study
conducted in October 1982 at MacDill Air Force Base on three different pave-
ments (two asphalt concrete and one composite of asphalt concrete over portland

cement concrete).
vibrator,

Test devices considered in this paper are the WES 1l6-kip
three falling weight deflectometers,

a Road Rater, and a Dynaflect.

Allowable loads determined using data from each device compare favorably with
the standard evaluation procedure. The modull values for the base course mate-
rials are higher when a preload is applied as in the case of the WES 1l6-kip

vibrator.
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The U.S. Army Engineer Waterways Experiment Station
(WES) has been performing research in nondestructive
pavement evaluation since the early 1960s. The pro-
cedures for evaluating load-carrying capacity have
used data collected from a single device, the WES
16-kip vibrator. This device is unigue and not pres-
ently available in the private sector. A need exists
for an evaluation procedure that is device inde-
pendent.

Nondestructive testing (NDT) offers many advan-
tages over conventional pavement evaluation testing.
The main advantage is the ability to collect data at
many locations on a runway or taxiway in a short
time. Ample test results can be collected in a few
hours instead of the day or more required for test
pit construction and repair. Nondestructive testing
can be conducted at night to provide the least in-
terference with traffic, or in some cases between
aircraft operations on a particular airport feature,
thus reducing costly delays in airline operations
normally associated with test pits.

During the past 20 years several types of NDT
equipment have been developed and used in the evalu-
ation of roads and airfields. Most equipment applies
a load, either vibratory or impulse, to the pavement
and measures the resulting pavement surface deflec-
tion. Deflection is obtained with most devices by
integrating the surface velocity measured with ve-
locity transducers. The force generators for the
vibratory equipment are elther counterrotating
masses or electrohydraulic systems that produce a
sinusoidal loading. The impulse load devices use a
falling weight dropped on a set of cushions to
dampen the impulse for a loading time to simulate a
moving wheel. The magnitude of the load is measured
on some devices and calculated on others.

A study was conducted to evaluate the use of a
single evaluation procedure employing the results
from six nondestructive testing devices to determine
the allowable aircraft load on flexible airfield
pavements. Results on three pavement areas will be

Measured
Def.
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compared. Results will be presented to illustrate
the applicability of the layered elastic evaluation
procedure for those devices. Comparisons of allow-
able aircraft loads determined from NDT and destruc-
tive evaluation procedures will be presented.

ANALYTICAL MODEL AND APPROACH

A nondestructive evaluation procedure using a lay-
ered elastic method of analysis has been developed
by WES for light aircraft pavements (1). The re-~
ported procedure used only one device, the Model
2008 Road Rater. In this method, a computer program
developed to backcalculate the modulus for the mea-
sured deflections, CHEVDEF, uses the Chevron (2)
layered elastic program. Chevron does not allow var-
iable interface conditions. Therefore, a program.
called BISDEF, which uses the BISAR (3) program as a
subroutine, was developed to handle multiple 'loads
and to consider different layer interface condi-
tions. This procedure is device independent. The
routine for determining the modulus values is the
same as that presented by Michelow (2). To determine
the modulus values, the pavement system is modeled
as a layered system. Poisson ratios are assumed for
each layer. The modulus of any surface layer may be
assigned or computed. If assigned, the value will be
based on the type of material, or properties of the
material, at the time of testing. For example, the
assigned modulus will be a function of pavement tem-
perature for flexible pavements. For BISDEF, a range
of modulus values is input with an estimated initial
modulus value for each layer for which modulus val-
ues are to be computed (variable layer). The number
of layers with unknown modulus values cannot exceed
the number of measured deflections. Best results are
obtained when not more than three layers are allowed
to vary. A riqgid layer is placed 20 ft from the
pavement surface.

Figure 1 is a simplified illustration of how the
deflection basins are matched. This illustration ‘is

CALCULATED FROM LAYERED
ELASTIC PROGRAM

DEF = A + S*LOG E

|
1
|
2 | |
e | |
3
Ba
l |
|g|
| 3| |
| 5| |
]
|
E (min) E (

LOG MODULUS

FIGURE 1 Simplified description of how deflection basins are matched in BISDEF.
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for one deflection and one layer. For multiple de-
flections and layers, the solution is obtained by
developing a set of equations that define the slope
and intercept for each deflection and each variable
layer modulus as follows:

Defj = Aji + Sji(log Ei) (1)
where

A = intercept,

S = slope,

j = 1 to the number of deflections, and

i =1 to the number of variable layers.

Errors are minimized by weighting deflections so
that the smaller deflections away from the applied
load contribute as much as do those near the load.
Normally three iterations within the program produce
a set of modulus values that yield a deflection
basin that is within an average of 3 percent of each
of the measured deflections. This accuracy appears
to be well within the accuracy of most NDT deflec-
tion measuring sensors.

Allowable load-carrying capacities were evaluated
using the WES-developed computer program AIRPAVE.
For a particular aircraft (gear configquration, load,
pass intensity 1level, and so forth), AIRPAVE uses
the modulus values determined from BISDEF and the
BISAR program to compute strains (for flexible pave-
ment) that will occur in the pavement system.
AIRPAVE then calculates the limiting strain values
on the basis of present Corps of Engineers design
and evaluation criteria (4,5). The allowable load
for the aircraft is determined by comparing the pre-
dicted stress or strain to the limiting value.

The horizontal tensile strain at the bottom of
the asphalt concrete (AC) and the vertical strain on
top of the subgrade are both considered in the eval-
uation of flexible pavements. The allowable AC
strain criterion used is as follows (4):

ea11(AC) = 1072 (2)
where
A = {N + 2.665 [logy((Epc/14.22)] + 0.392}/5.0,
N = log;g (aircraft coverages), and
Epc = AC modulus.

The allowable subgrade strains
ing the following:

(5) are computed us-

TEST AREA

TEST AREA
1
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=10 B
N 10,000 [(A/:Allsubg) ] (3)
where

A = 0.000247 + 0. 000245 log Esubgrade'

B = 0.0658 (Esubgrade) , and

N = repetitions,

DESCRIPTION OF MacDILL AFB TESTS

WES was sponsored in 1982 by the Air Force Engineer-
ing and Services Center (AFESC), Tyndall AFB, Flor-
ida, to conduct a study of pavement evaluation tech-
niques based on NDT.

The scope of the project involved comparisons of
selected NDT equipment and procedures on representa-
tive airfield pavements and a comparison of the NDT
results to those obtained from the standard AF eval-
uation procedures based on test pit measurements.
WES selected six private firms with demonstrated NDT
capabilities each of which represented a different
approach. In addition, WES demonstrated three NDT
schemes that it had developed, and the AFESC demon-
strated its NDT methodology. The field demonstra-
tions were conducted on five selected test areas at
MacDill Air Force Base, Tampa, Florida, during Oc~
tober and November 1982, The test areas at MachDill
AFB had been evaluated in March 1980 through test
pit measurements in each of the five test areas.

Each participant made an evaluation of the test
areas that consisted of determining allowable gross
aircraft loadings and overlay thickness requirements
and independently submitted a report to WES. A final
report (6) presented all test data, a description of
each evaluation methodology, and comparisons of the
various results. Field test data extracted from this
report for six different test devices are presented
in this paper. A layout of the airfield at MacDill
AFB indicating the five test areas, which consisted
of two rigid, two flexible, and one composite pave-
ment, is shown in Figure 2. Results from the two
flexible and one composite pavement (Areas 2, 3, and
4) will be presented in this paper.

Description of Test Areas

Each of the test areas contained approximately
50,000 ft? of pavement. This size was selected to
be large enough to provide a representative amount
of pavement and yet small enough so the five test

@ TEST AREA

’TEST AREA
4

FIGURE 2 Airfield layout at MacDill AFB showing location of test

areas.
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areas would not require more than 1 full day of
testing for each participant. The test areas were
selected so as to provide the least interference
with MacDill AFB's daily aircraft operations. Each
test area was outlined and marked so that the loca-
tion of all tests could be identified. A summary of
the pavement properties as determined by test pit
methods for each area is as follows:

Test Area Pavement Properties
2 10 in., AC
8 in. limerock base CBR = 80
7 in. stabilized subbase CBR = 30
Subgrade (SP) CBR = 30
3 5.5 in. AC
8.0 in. limerock base CBR = 80
7.0 in. stabilized subbase CBR = 30
Subgrade (SP) CBR = 30
4 7.5 in. AC
6.0 in. portland cement concrete (PCC)
R = 650 psi
Subgrade (SP) k = 250 pci

where
CBR = California bearing ratio,
R = flexural strength of PCC (psi), and
k = modulus of subgrade reaction (pci).

Test Area 2

Test Area 2 was located on the taxiway parallel
(Taxiway 3B) to the main runway and was constructed
in 1943. The pavement consists of a 10-in. asphaltic
concrete surface, an 8-in., limerock base, and a
7-in. subbase of limerock-stabilized sand over the
sand subgrade (SP-SM). The pavement was in good con-
dition but contained longitudinal and transverse
cracking. This test area was 75 ft wide and 700 ft
long.

Test Area 3

Test Area 3 was along the same parallel taxiway as
Test Area 2 but farther north. This pavement was
also constructed in 1943 and was originally identi-
cal to Test Area 2. The original 3-in. asphalt sur-
face had been overlaid to the present thickness of
5.5 in. Beneath the AC surface is an 8-in. limerock
base over a 7-in. subbase of limerock-stabilized
sand over the sand subgrade. This area, considered
in fair condition, exhibited considerable distress
in the form of block cracking. This test area was 40
ft by 1,000 ft. The tests were confined to the 40-ft
width because the pavement outside this width was
not the same thickness,

Test Area 4

Test Area 4 was a composite section located in Apron
1-A-1. The original 6-in. PCC pavement placed on the
sand subgrade was constructed in 1941. The slabs
were 25 ft by 25 ft, and the design was for 8-in.
thickened edges. A 7.5-in. AC overlay was placed on
this pavement in 1952 followed by a slurry seal in
1966. There was a considerable amount of reflective
cracking of the joints and from cracks in the under-
lying slabs. The overall condition was considered
good. The area was 200 ft by 250 ft.

Description of Test Equipment

The six NDT devices included in this paper are WES
16-kip vibrat r, WES falling weight deflectometer
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(FWD) (1l5-kip Dynatest Model 8000), 24-kip Dynatest
Model 8000 FWD, Shell FWD, Road Rater Model 2000,
and Dynaflect. A general description of each is pro-
vided in the following paragraphs.

WES 16-Kip Vibrator

The WES 16-kip vibrator 1is an electrohydraulic
steady-state vibratory loading system. The unit is
contained in a 36-ft semitrailer along with support-
ing power supplies and automatic data recording
equipment. A 16,000-1b preload is applied to the
pavement with a superimposed dynamic load ranging up
to 30,000 1b peak-to-peak. The dynamic load can be
applied over a frequency range of from 5 to 100
Hertz (Hz), but the standard test frequency is 15
Hz. The dynamic load is measured with a set of three
load cells mounted on an 18-in.-diameter load plate.
Velocity transducers, which are located on the load
plate and at points away from the plate, are cali-
brated to measure elastic deflection. Test results
are recorded on X-Y plotters and a digital printer.
Data collected with the WES 1lé6-kip vibrator are the
dynamic stiffness modulus (NSM) and deflection
basins. DSM is obtained from the slope (load/deflec-
tion) of the dynamic load versus deflection data
obtained by sweeping the force to maximum at a con-~
stant frequency of 15 Hz. This slope is taken at the
higher force levels. Deflection basins are obtained
by measuring deflections at distances of 18, 36, and
60 in. away from the center of the load plate.

WES FwWD

The FWD used by WES was a DNDynatest Model 8000 (15
kip) . A dynamic force is applied to the pavement
surface by dropping a 440-1b weight on a set of rub-
ber cushions, which results in an impulse loading.
The applied force and pavement deflections are mea-
sured with load cells and velocity transducers. The
drop height can be varied from 0 to 15.7 in. to pro-
duce an impact force of from 0 to 15,000 1lb. The
load is transmitted to the pavement through a plate
11.8 in. (30 cm) in diameter. The signal condition-
ing equipment displays the resulting average pres-
sure in kilopascals and the maximum peak displace-
ment in micrometers. Results presented in this paper
were converted to pounds force and mils. Readings
from as many as three displacement sensors may be
recorded at one time by this data acquisition equip-
ment.

FWD data collected were deflection basin measure-
ments. Displacements were measured on the load plate
and at distances of 12, 24, 36, and 48 in, away from
the center of the load plate. Because this particu-
lar model has only two transducers for deflection
basin measurement, the four deflection points were
obtained by dropping the weight twice at each loca-
tion and shifting the transducers to the additional
spacings.

Dynatest FWD

The 24-kip Dynatest Model 8000 is a newer version
FWD that has several features not found on the WES
FWD. The adjustable load was set to its capacity of
approximately 24,000 1lb, and a loading plate of ap-
proximately 6-in. (150-mm) radius was used to simu-
late the stress level of a heavily loaded jet air-
craft. The resulting stress level was somewhat in
excess of 200 psi under the loading plate.

The FWD load is transient (as opposed to vibra-
tory), having a time of loading of some 25 to 30
msec, thus corresponding to the effect of a moving
aircraft wheel load. Both the load level and a se-
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ries of seven simultaneous deflections are monitored
for each FWD test, with the deflections measured at
the surface of the pavement from the center of the
loading plate (through a small hole in the middle of
it) to a distance of more than 7 ft (2 m) from the
center.

Shell FWD

The Shell device is a heavy FWD, and all tests were
performed at a force level of 22,400 1b (100 kN).
With this machine, a mass falls on a base plate that
is connected to a foot plate by means of a set of
springs, thus exerting a pulse load on the pavement
surface. The duration of the pulse load is compar-
able to the duration of the pulse load exerted by
actual traffic. The force level can be changed by
adjusting the drop height. The deflection of the
pavement is measured by four velocity transducers
(geophones)=--on the center of the foot plate and at
three other radial distances. At MacDill AFB the
radial distances were 0, 24, 39, and 79 in. (0, 60,
100, and 200 cm). The deflection signals are ob-
tained by a single integration of the velocity sig-
nals from the geophones, which is performed elec-
tronically by integrated circuits.

Road Rater

The Model 2000 Road Rater is a trailer-mounted,
electrohydraulic vibrator that has a variable force
and frequency capability. A peak-to-peak cyclic load
of 4,500 1b at a frequency of 25 Hz can be obtained.
NDeflection sensors were placed either 12, 24, and 36
in. or 12, 24, and 60 in. from the center of the
load plate. One sensor is mounted at the center of
the 1l8-in.—-diameter plate.

Dynaflect

The Dynaflect is an electromechanical system for
measuring the dynamic deflection of a pavement
caused by an oscillatory load. The trailer-mounted
device applies a 1,000-1b (4448-N) peak-to-peak sin=-

TABLE 1 Characteristics of NDT Equipment
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usoidal load to the pavement. This load is generated
by two counterrotating masses that are rotating at a
constant frequency of 8 Hz. The force is transmitted
to the pavement through two polyurethane~-coated
steel wheels that are 4 in. (10.2 cm) wide and 16
in, (40.6 cm) in outside diameter. The wheels are
spaced 20 in. (50.8 cm) apart. The Dynaflect applies
a 2,000-1b (907-kg) static weight to the pavement.

The pavement response to the dynamically applied
load is measured with 210-ohm, 4.5-Hz geophones that
are shunted to a damping factor of approximately
0.7. One geophone was located directly between the
two steel wheels. The other four geophones were
spaced at 12-in. (30.5-cm) intervals at the front of
the trailer.

A summary of the most important characteristics
of each test device and the location of displacement
sensors for the MacDill tests is given in Table 1.

The field tests, conducted between October 26 and
November 3, 1982, were coordinated with Machill AFB
operations. Each participant in the project was pro-
vided a full day to test all five areas. Only one
participant was on the field on any given day of the
demonstration. Also, each was free to choose the
number and location of tests to be performed within
each area. However, they were each asked to perform
one test at or near a designated location within
each area near the test pits. Test Area 4 became the
parking apron for F-111 aircraft on November 2. This
resulted in much of the area not being available for
tests.

Data Analysis

The three test areas at MacDill AFB were evaluated
in terms of the Allowable Gross Aircraft Load (AGAL)
using deflection data from each of the six NDT de-
vices and the previously described layered elastic
methodology. These results were then compared to
each other on a relative basis in an attempt to
evaluate the device dependency of the procedure. The

WES Dynatest  Shell Road

16-Kip WES FWD FWD FWD Rater Dynaflect
Type of load applied Vibratory Impulse Impulse Impulse Vibratory Vibratory
Type of deflection output Peak-to-peak Peak Peak Peak Peak-to-peak Peak-to-peak
Contact area (in.’) 254 110 110 110 254 8.6
Peak-to-peak maximum dynamic/impulse force (1b) 30,000 15,000 24,000 22,400 4,500 1,000
Static weight (1b) 16,000 - - - 3,800 2,067
Test frequency (Hz) 15 - - - 25 8
Loading time (msec) 25-30 25-30 - - -
Number of displacement sensors 4 3 7 4 4 5
Location of displacement sensors, distance from center of loaded area

(in.)

0 X X X X X X
8 X
12 X X X X
18 b2
24 X X b X X
36 % X x® X8 X
39 X
48 b X X
60 x x2 xP
71 x©
79 X
96 X2

Note: Dashes indicate data were not applicable or were unavailable.

Blexible and composite pavements only.
Rigid and composite pavements only.
®Rigid pavements only.
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TABLE 2 Deflection Data from Six NDT Devices

Deflection (mils) at Distance from Center of Loaded Area (in.)

Nondestructive Force
Test Device (Ib) 0 8 12 18 24 36 39 48 60 71 79 96
Test Area 2
WES 16-kip 28,960 13.26 - - 9.18 - 4.480 - - 2.74 - - -
WES FWD 14,206 8.68 - 6.08 - 3.880 2.480 - 1.770 - - - -
Dynatest FWD 23,473 16.30 13.50 11.60 - 7.600 5.100 - 3.600 2,60 - - -
Shell FWD 22,400 13,11 - - - 6.650 - 3.46 - - - 1,69 -
Road Rater 4,510 1.83 - 1.35 - 0.800 0.570 - - - - - -
Dynaflect 1,000 0.40 - 0.35 - 0.255 0.207 - 0.177 - - - -
Test Area 3
WES 16-kip 28,428 24,96 - - 14,74 - 5.800 - - 3.96 - - -
WES FWD 14,055 23.84 - 14,68 - 5.120 2.580 - 1.870 - - - -
Dynatest FWD 22,043 4390 31.40 23.40 - 9.800 4.900 - 3.400 2.80 - - -
Shell FWD 22,400 37.16 - - - 9.960 - 3.94 - - - 2.09 -
Road Rater 4,470 4.55 - 343 - 1.810 1,180 - - - - - -
Dynaflect 1,000 0.90 - 0.60 - 0.380 0.225 - 0.189 - - - -
Test Area 4
WES 16-kip 28,934 9.80 - - 8.30 - 5.940 - 4.14 - - -
WES FWD 14,098 5.09 - 4.57 - 3.860 3.290 - 2.560 - - - -
Dynatest FWD 23,390 8.94 8.35 7.91 - 7.200 5.470 - - 3.54 - - 1.89
Shell FWD 22,400 9.80 - - - 8.190 - 5.83 - - - 3.27 -
Road Rater 3,666 1.23 - 1.22 - 1.000 - - - 0.54 - - -
Dynaflect 1,000 0.45 - 0.43 - 0.390 0.350 - 0.310 - - - -
Note: Dashes indicate data not applicable.
results were also compared to the results obtained
using the standard Air Force evaluation procedure
(7). The B-52 (maximum gross load = 490,000 1lb) was
selected as the design aircraft, and the evaluations DISTANCE FROM CENTER OF LOADED AREA. IN.
of each area were based on 15,000 aircraft passes. DU 10 20 30 40 50 60 70 80 90 100
Selection of Deflection Data and Layered Evaluation 5/—‘.
10
To evaluate these pavement areas using the layered -
elastic methodology, a representative deflection § 15
basin for each test area had to be selected for each = 20+
test device. However, thls selection of a represen- g %
tative basin would have been quite complicated for =i ®» WES 16 KIP VIBRATOR
the MacDill data because no two participants used w30 ® WES FWD
the same test pattern or test frequency. Also, the 35 & DYNATEST FWD
magnitude of the deflections measured on the flex- v SHELL FWD
ible pavements varied coneiderably in the transverse 40 © ROAD RATER
direction across the test areas. Therefore, only the st . DYNAFLECT
data collected at the one designated location near
the test pit in each area were considered in this FIGURE 4 Comparigonofmeasured
work. The deflection basins used in determining the deflection basins on Test Area 3.
layer modulus values for each test area are given in
Table 2 and presented graphically in Figures 3-5,
DISTANCE FROM CENTER OF LOADED AREA. IN. DISTANCE FROM CENTER OF LOADED AREA. IN.
0 10 20 30 40 6§ 60 70 80 80 100 0 10 2 3 4 650 60 70 B0 @0 100
0‘ . 4 T T T T 1 []4 T T T T T T T 1
¢
at 2}
2
2 8t =t
= 3
= = L
g o ® WES 16 KIP VIBRATOR & gt
5 ® WES FWD o
E 12 A DYNATEST FWD s . B WES 16 KIP VIBRATOR
. YL DN < TEST Fun
@ ROAD RATER
15 10 v SHELL FWD

@ DYNAFLECT

FIGURE 3 Comparison of measured deflection basins
on Test Area 2.

©® ROAD RATER
& DYNAFLECT

FIGURE 5 Comparison of measured deflection basins
on Test Area 4.
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These values were input to the computer program
BISDEF from which the modulus values were computed
for each layer in the pavement system (including the
surface AC). Results are summarized in Table 3 for
each test area and all six NDT devices. Poisson's
Ratios of 0.35, 0.15, 0.35, and 0.40 were assumed
for the AC, PCC, base course, and subgrade materi-
als, respectively.

The AGAL was then determined by inputting the
base course and subgrade modulus values from BISDEF
into the evaluation program AIRPAVE, For evaluation,
the modulus values for the AC surface layers were
assigned at 300,000 psi. The resulting AGALs are
given in Table 4. It is important to note that the
composite pavement (Area 4) was evaluated using
flexible pavement criteria.

Standard Evaluation

The standard evaluation was performed using the pre-
viously stated physical properties for each area.
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Here, Area 4 was again evaluated as a flexible pave-
ment. The PCC layer beneath the AC was assigned a
CBR value of 80. Results of the standard evaluation
are given in Table 4.

Analysis of Area 2

A graphic comparison of the modulus values for the
base and the subgrade of Area 2 is shown in Figures
6 and 7. The Dynaflect values are high for the lime-
rock base material and low for the subgrade. There
is some variability in the values from the other
equipment, Because the WES 16-kip device and the
Road Rater both apply a static load to the pavement,
higher modulus values may be expected for granular
materials. The allowable aircraft loads from the
AIRPAVE program are shown in Figure 8. This evalu-
ation considered the 1limiting strain in both the
asphalt layer and the subgrade. All devices with the
exception of the 15-kip WES FWD and the 24-kip Dyna-
test FWD indicated that the area could support a
fully loaded B-52. When only the subgrade strain was

TABLE 3 Moduli Predicted from Deflection Basins from Different NDT Equipment

Layer | Layer 2 Layer 3
Elastic Elastic Elastic
Test Nondestructive  Thickness Modulus Thickness Modulus Thickness Modulus
Area Test Device (in.) Material (psi) (in.) Material (psi) (in.) Material  (psi)
2 WES 16-kip 10.0 AC 680,279 15.0 Limerock-stabilized 59,740  Subgrade Sand 37,209
base
WES FWD 572,022 40,116 37,438
Dynatest FWD 538,205 36,649 29,799
Shell FWD 559,951 65,255 31,818
Road Rater 452,499 90,633 50,928
Dynaflect 154,052 403,405 22,579
3 WES 16-kip 55 AC 691,229 15.0 Limerock-stabilized 40,926  Subgrade Sand 26,573
base
WES FWD 185,244 16,241 31,738
Dynatest FWD 185,952 20,682 20,375
Shell FWD 332,768 18,244 27,155
Road Rater $37.513 35,074 24,344
Dynaflect 52,175 40,381 23,872
4 WES 16-kip 7.0 AC 1,440,817 6.0 PCC 3,227,078  Subgrade Sand 25,157,
WES FWD 1,982,381 2,047,265 23,242
Dynatest FWD 1,903,426 1,841,818 22,108
Shell FWD 2,334,218 1,387,285 17,160
Road Rater 6,878,414 248,228 23,376
Dynaflect 12,030,469 716,925 10,687

TABLE 4 Allowable Loads for the B-52 Determined Using AIRPAVE and the

Standard Air Force Evaluation Procedure

Allowable Load (kips)

AIRPAVE
Design -

Test Design Pass Design Subgrade Both Standard
Area Test Device Aircraft Level Load Criteria Criteria Evaluation
2 WES 16-kip B-52 15,000 490 490+ 490+ 490+

WES FWD 490+ 446

Dynatest FWD 490+ 414

Shell FWD 490+ 490+

Road Rater 490+ 490+

Dynaflect 490+ 490+
3 WES 16-kip B52 15,000 490 370 370 400

WES FWD 421 211

Dynatest FWD 269 234

Shell FWD 358 223

Road Rater 334 334

Dynaflect 335 335
4 WES 16-kip B-52 15,000 490 490+ 490+ 333

WES FWD 490+ 490+

Dynatest FWD 490+ 490+

Shell FWD 490+ 490+

Road Rater 490+ 490+

Dynaflect 351 351
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MODULUS. PSI. IN THOUSANDS

WES WES  DYNATEST  SHELL ROAD
16 KIP FWD FWD FWD RATER

DYNAFLECT

DEVICES

FIGURE 6 Comparison of the modulus values computed for
the base course of Test Area 2.

MODULUS, PSI. IN THOUSANDS

WES WES  ODYNATEST  SHELL ROAD  DYNAFLECT
16 KIP FWD FWD FWD RATER
DEVICES

FIGURE 7 Comparison of the modulus values computed for
the subgrade of Test Area 2.

ALLOWABLE LOAD, KIPS

WES WES DYNATEST  SHELL ROAD  DYNAFLECT
16 KIP FWD FWD FWD RATER

DEVICES

FIGURE 8 Allowable aircraft loads from AIRPAVE for Test
Area 2.

considered, all devices yielded the maximum allow=
able load (490 kips as shown in Figure 9). This
agrees with the standard evaluation that is based on
the CBR design procedure and does not account for
strain in the surface layer.

Analysis of Area 3

Modulus values for the base and the subgrade of Area
3 are shown in Figures 10 and 1l. For the base

23

~STANDARD EVALUATION

ALLOWABLE LOAD. KIPS

WES WES
16 KIP FWD FWD FwWD RATER

DYNATEST  SHELL ROAD  DYNAFLECT

DEVICES

FIGURE 9 Allowable aircraft loads from AIRPAVE for Test
Area 2 with only the subgrade strain criteria considered.

MODULUS. PSI. IN THOUSANDS

WES WES DYNATEST  SHELL ROAD
16 KIP FWD FWD FWD RATER

DYNAFLECT

DEVICES

FIGURE 10 Comparison of the modulus values computed
for the base course of Test Area 3.

MODULUS. PSI. IN THOUSANDS

WES WES
16 KIP FWD FWD FWD RATER

DYNATEST  SHELL ROAD  DYNAFLECT

OEVICES

FIGURE 11 Comparison of the modulus values computed for
the subgrade of Test Area 3.

course modulus, the values of the vibratory de-
vices--the WES 16-kip, the Road Rater, and the Dyna-
flect--are higher than those of the FWDs. The values
for the subgrade are similar.

The allowable aircraft loads using both asphalt
and subgrade strain criteria are lower than the
standard evaluation (Figure 12). When only the sub-
grade strain criteria are used, the allowable loads
are near the standard evaluation (Figure 13). The
differences in allowable load between the FWDs and
the vibratory devices may be due to the lower base
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~—STANDARD EVALUATION
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FIGURE 12 Allowable aircraft loads from AIRPAVE for Test
Area 3.
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FIGURE 13 Allowable aircraft loads from AIRPAVE for Test
Area 3 with only the subgrade strain criteria considered.

course modulus obtained from the FWD deflections,

particularly when both strain criteria are con-
sldered.

Analysis of Area 4

A large variation was obtained for the base (PCC)

layer for Area 4 (Figure 14). Some variation is seen
in the subgrade modulus values (Figure 15). Evalu-
ation of composite pavements 1s difficult when the
thickness of the AC overlay is near the thickness of
the PCC, A faillure criterion (flexible or rigid)
muet be selected in a layered system evaluation. The
flexible pavement criterion was selected for this
area because the standard evaluation 1s for flexible
pavement. Allowable alrcraft loads are shown in Fig-
ure 16, The evaluation using Dynaflect data is
nearer the standard evaluation than 1is the evalu-
ation using all other devices. This may be discred-
ited because the layer modulus values do not appear
reasonable for the PCC and the sand subgrade.

CONCLUSIONS

An evaluation procedure based on layered elastic
analysis was presented, and comparisons were made
using deflection data from six different NDT devices
on three pavement sections. The NDT testing data
were taken from a study in which leaders in the
field of NDT airfield evaluation were asked to eval-
uate pavements. These firms were allowed to test at
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MODULUS. PSI. IN THOUSANDS

WES WES  OYNATEST  SHELL ROAD
16 KIP FWD FWD FWD RATER
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FIGURE 14 Comparison of the modulus values computed
for the base course (PCC) of Test Area 4.

MODULUS. PSI. IN THOUSANDS

WES WES  DYNATEST  SHELL ROAD  DYNAFLECT
16 KIP FWD FWD FWD RATER
DEVICES

FIGURE 15 Comparison of the modulus values computed
for the subgrade of Test Area 4.

ALLOWABLE LOAD. KIPS

WES WES
16 KIP FWD FWD FWD RATER

DYNATEST  SHELL ROAD  DYNAFLECT

DEVICES

FIGURE 16 Allowable aircraft loads from AIRPAVE for Test
Area 4.

any location within specified test areas; therefore,
it was difficult to find test locations that were
common to all devices. The following conclusions are
presented:

1. Results from each device compare favorably
with the standard evaluation procedure in terms of
allowable gross aircraft loads.

2. The computed moduli of the base course mate-
rials are higher when a preload is applied as in the
case of the WES l6-kip vibrator.
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3. A study would be more beneficial in determin-
ing the differences in NDT equipment if it were con-
ducted on a site where tests with all devices were
conducted at the same test locations.

4, The allowable gross aircraft load for two of
the three pavements evaluated was at the maximum for
the B-52 aircraft, which is one of the most critical
aircraft in terms of pavement evaluation. If further
research is conducted, it is recommended that a site
with fine grained subgrades, where design loads are
less than maximum for the evaluated aircraft, be
selected.
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Discussion

Waheed Uddin, Phil Smith, and Harvey J. Treybig*

The authors are to be congratulated for carrying out
this study on a large scale as reported by Hall (6) .
Direct comparison of different nondestructive de-
vices by testing at the same locations on in-service
pavement is undoubtedly an appropriate approach for
a comparative study of these devices along with
their respective evaluation methodologies. The Air
Force report (6), from which the authors have ex-
tracted contents for their paper, is based on two
objectives: (a) comparison of NDT devices and re-
sults from different evaluation procedures and (b)
comparison of allowable 1load rating and overlay
thickness predictions from these procedures with the
standard test pit rating. However, the paper focuses
only on some selected data from this large report.
Unfortunately, the presentation of the data and re-
sults in this paper are out of context. A reader who
has not reviewed the report (6) may misinterpret the
results presented in the paper and form a biased
opinion about the results.

Unfortunately, the results in the paper are not
those that compare the results of a particular de-
vice and its analysis methodology. Instead data are
taken from several devices and a single analysis
package is misapplied. The discussion presented here
centers around the following key points:

*ARE, Inc., 2600 Dellana Lane, Austin, Tex. 78746
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1. The results reported by each of the partici-
pants in the overall study (6) were available to the
authors of the paper but were not reported in the
paper; thus the major thrust of the overall study
was omitted.

2. The authors used the participants' field mea-
sured deflection data as inputs to their own analy-
sis and evaluation methodology. This is not the best
systematic technique for comparing devices because
it ignores proven methodology developed by each par-
ticipant on the basis of the participant's NDT de-
vice,

3. The Dynaflect load and sensor configuration
was improperly modeled by the authors, which results
in inaccurate deflection basins and moduli predic-
tions.

COMPARISON OF DYNAMIC DEFLECTION BASINS

There is no explanation in the paper of why results
from only three of the five test areas are reported.
Only one basin measured by each NDT device on each
of Areas 2, 3, and 4 is used for pavement evalu-
ation; the full report is much broader in scope.

The deflection basins given in Table 2 and shown
in Figures 3-5 do not properly represent the Dyna-
flect loading and geophone configuration. A more
rational approach to comparing deflection basins
from different NDT devices suggests a plotting of
normalized deflections versus radial distances of
sensors from the center of the test load (8) as
shown in Figure 17. The radial distances of the

Radial Distance from Center of Loaded Area, inch

72 96
a---""% d
WES 16-kip o]
WES FWD o--_-..0
|0.8 Dynatest FWD aA.___ .4
PCS FWD Q. --_-g
Dynaflect o ——

Test Area 2
1 i 1 1

S . =) )
i Test Area 3
1 | 1 1

Normalized Defelctions (Deflection/1000 1b), mils

0.0 T T T T
0.2
0.4
Test Area 4
! | | 1
0 24 48 72 96

Radial Distance from Center of Loaded Area, inches

FICURE 17 Normalized deflection basin plots for different NDT
devices.
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TABLE 5 Summary of Estimated Young’s Moduli Based on Evaluation Methodologies

of Participants
Percentage Difference in Modulus
from BISDEF and Participants
100 x [Modulus (BISDEF)
Moduli Reported by Participants (6) — Modulus (participant)
in psi “+ Modulus (participant}i

Test NDT

Area Device Surface Base Subgrade Surface Base Subgrade

2 WES 16-kip 250,000 51,000 39,000 +172.1 +17.1 -4.6
WES FWD 250,000 36,000 39,000 +128.8 +11.4 -4.0
Dynatest FWD 348,000 32,000 26,000 +54.6 +14.5 +14.6
PCS FWD 635,000 35,300 51,200 -11.8 +84.8 -37.8
Berger Profiler 400,000 100,000 37,000 +13.1 -9.4 +37.6
Dynaflect 500,000 120,000 34,500 -69.2  +236.2 -34.5

(60,000)*

3 WES 16-kip 250,000 44,000 24,000 +176.5 -7.0 +10.7
WES FWD 250,000 13,500 24,000 +176.5 +20.3 +32.2
Dynatest FWD 401,000 16,000 20,000 -53.6 +29.3 +1.9
PCS FWD 635,000 10,000 41,000 -47.6 +82.4 -33.8
Berger Profiler 300,000 50,000 24,000 +79.2 -29.9 +1.4
Dynaflect 200,000 60,000 27,000 -73.9 -32.7 -11.6

(35,000)*

4b WES 16-kip 250,000 500,000 19,000 +476.3  +545.4 +32.4
WES FWD 250,000 500,000 18,000 +693.0 +309.4 +29.1
Dynatest FWD 533,000 4,500,000 26,200 +257.1 -59.1 -15.6
PCS FWD 635,000 900,000 30,600 +267.6 +54.1 -43.9
Berger Profiler 800,000 4,000,000 24,000 +759.8 -93.8 -2.6
Dynaflect 300,000 6,000,000 21,000 +3910.2 -88.1 -49.1

abSubhase modulus,
Base in Text Area 4 is a PCC layer.

Dynaflect sensors are 10.0, 15.6, 26,0, 37.4, and 700000 [ .
49.0 in., from the center of the loaded area under ~
each loading wheel. It can be seen from the normal- 600000
ized plots (Figure 17) that (a) the pavement re- . 500000
sponse is affected by the loading mode and (b) the "8
response is device dependent, as is apparent from o 400000
variations in the data of the three FWD units. &8

300000

B

200000

EVALUATION OF PAVEMENT MODULI 100000
The authors have not chosen in this paper to report 0

results of the pavement evaluations made indepen-
dently by the participants. Each participant has
used an evaluation methodology to analyze data from
its respective NDT device. The paper inaccurately 400000
implies that the Dynaflect does a poor job; the full

report shows excellent correlation of the Dynaflect i 300000

results, based on the participant's analysis and -

evaluation. Ldg 200000
100000

Pavement Evaluation by Participants

Table 5 gives the results extracted from the full 0
report (6), as well as a comparison with the moduli
= 60000
reported by the authors.
The moduli from WES 1l6-kip and WES FWD devices *50000
are in most cases identical, although considerable
differences exist in the normalized deflection 40000
basins from the two devices. 8
It is to be appreciated that the results from the o 30000
methodologies of the participants are in general E
similar and within a reasonable margin of error ] 20000
(Figures 18-20). ™
10000
0 ;
BISDEF Methodology WES WES DYNATEST PCS BERGER
16 kip FWD FWD FWD  PROFLIER  DYNAFLECT
The authors provide only a cursory description of (Black indicates the results reported by an individual participant. Grey shows the
their BISDEF program. Its parent program, CHEVDEF, results of the authors.)
was specifically designed for Road Rater model 2008 ]
(1) . Ample explanation of the following points is FIGURE 18 Comparison of pavement evaluation results for

needed. Test Area 2.
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(Black indicates the results reported by an individual participant. Grey shows the
results of the authors.)

FIGURE 19 Comparison of pavement evaluation results for Test
Area 3.

1. Assumptions used in applying BISDEF to NDT
data.

2. Using an arbitrary value of 20 ft for the
depth to an assumed rock layer is a debatable point.
Bush (1) found 20 ft to be a good assumption for
obtaining a better fit for measured Road Rater 2008
deflections at the Pennsylvania test road facility.
The authors apply the 20 ft assumption to all other
NDT devices and geological conditions and to rigid
pavements.

3. The basin-fitting technique in BISDEF is a
function of an initial input estimate of moduli and
a reasonable range defined by maximum and minimum
values (Epzy and Epjp). A table that gives these
values should have been provided by the authors.

Test Area 4

This is a composite pavement site. Independent eval-
uations from the participants (Table 5 and Figure
20) show moduli of all layers in reasonable agree-
ment. In contrast, BISDEF produces unreasonably high
values of AC modulus for all NDT devices. These high
values are practically not possible in the climatic
conditions of Florida. It would be interesting to
know the Ep.x value of AC layer used in the analy-
sis. Evidently this value must be more than 12 mil-
lion psi.
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Authors ———

Participant ——=

E .
Subgrade, psi

WES WES

DYNATEST PCS BERGER

16kip WD FWD FWD PROFTLER  DYNAFLECT
(Black indicates the results reported by an individual participant., Grey shows the
results of the authors.)

FIGURE 20 Comparison of pavement evaluation results for
Test Area 4.

On the basis of the BISDEF results, the authors
discredit the Dynaflect for unreasonable values of
PCC layer (716,925 psi) and subgrade (10,687 psi).
The authors do not comment on the 12 million psi
value for AC modulus. However, the in situ moduli
(Table 5 and Figures 18-20) and allowable aircraft
loads, evaluated by the discussants and presented in
detail in the report (6), clearly demonstrate that
the discussants' methodology does an excellent job:
the results for allowable loads and overlay thick-
ness are consistently reasonable.

COMMENTS ON AUTHORS' CONCLUSIONS

For the benefit of readers who do not have access to
the report (6), the moduli evaluated by each partici-
pant should have been reported in this paper.

It is inferred in the second conclusion that a
preload will result in a higher base modulus. This
is apparently in error. The BISDEF program has com-
puted a high base modulus (65,255 psi) for PCS FWD
with no preload, which is not significantly dif-
ferent from the base modulus (59,740 psi) for the
WES 16-kip device.

Conclusion 3 is quite true and timely, but there
should be some independent measurement of in situ
dynamic moduli (e.g., using different wave propaga-
tion techniques). Comparison with results of static
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tests or laboratory My values is always debatable.
Laboratory tests can never duplicate in situ envi-
ronmental or stress conditions. Laboratory results
are also significantly influenced by the effects of
sample disturbances.

Finally, it is suggested that this paper could
then be retitled "Application of BISDEF Methodology
to NDT Data for Evaluation of Airport Pavements."

The main lesson to be learned is that compatible
comparisons involve the use of the procedure and the
analytical techniques appropriate to each device,
not the application of a common analytical technique
regardless of the device. The concept of system com-
patibility requires that compatible measurements,
analyses, and predictions be used in any engineering
study.

Authors’ Closure

The authors wish to thank Uddin, Smith, and Treybig
for their input to this paper. The discussants point
to the results from Hall (6) in which each NDT par-
ticipant used different analysis techniques for each
device. A stated conclusion of Hall (6) was, "Based
on use of the NDT evaluation method at Macnill, wide
variation occurs in terms of allowable loads among
the results and substantial disagreement of some
methods with the standard test set method." This
paper was presented to illustrate that the variabil-
ity in allowable load could be significantly reduced
by using a single analysis technique. This would al-
low an airport owner to use different equipment or
consultants and be reasonably confident that the end
result (allowable airport load, passes to failure,
and possible overlay requirements) would be consis-
tent regardless of the type of equipment used.

It was demonstrated, contrary to what the dis-
cussants say, that a single analysis technique can
be used with different devices to produce consistent
results.

The authors agree that a footnote should be added
to Tables 1 and 2 to indicate that for the Dynaflect
device the distance from the center of the load area
is the distance from the midpoint of the loading
wheels. The Dynaflect device was correctly modeled
in the BISDEF program using two loaded areas and a
deflection measurement centered between the loaded
areas and four other deflections spaced at 1l-ft in-
tervals away from the first sensor.

Two methods can be used to compare deflection
basins. One method, illustrated in the paper, shows
differences in magnitude. The method used by the
discussants is also acceptable. The selection de-
pends on the point to be made. In the case of this
paper, the authors were illustrating the relative
magnitudes as shown.

In the prediction of moduli, the method presented
by the authors produces the best fit of measured
deflections to those determined from the layered
theory. The moduli values reported in this paper are
given in Table 10 of Hall (6). The differences given
by the discussants in Table 5 and shown in Figures
18-20 are from values used for evaluation by each
participant. The values that the discussants report
were determined from a large number of tests over
the entire pavement area and not from points where
tests were conducted with all devices. Those values
were also adjusted for design environmental condi-
tions and were not the actual values that were de-
termined from field data. For example, the modulus
of the asphalt surface layer was adjusted to repre-
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sent a value for a design pavement temperature., Mod-
uli values reported in this paper are as determined
from field data at a given test location with all
NDT devices.

As stated in the paper, the BISDEF program is the
same as CHEVDEF with the exception that BISAR was
used as the multilayered elastic routine instead of
CHEVRON. The advantages to using BISAR are that mul-
tiple loads can be evaluated, as in the case of the
Dynaflect, and different layer interface conditions
can be considered. The assumptions, which are the
same for most layered programs, are the same in both
cases.

The assumption of a semi-infinite subgrade layer
can also be debated. Research at WES on test sec-
tions with surface deflections measured by different
means in addition to NDT has indicated that measured
and computed deflections compare better when a
boundary condition is applied such as a rigid layer
at 20 ft.

Research at the WES and as reported by Bush (1)
indicates that the magnitude or range of Epax ©Orf
Epin has little effect on the predicted moduli.

Discussants' questions about the moduli values
from the Dynaflect deflections on Site 4 again devi-
ate from the purpose and intent of this paper.
Values presented are the values that produce the
best possible fit to the measured deflections and
were not adjusted to environmental conditions. The
reason for the unusual values may be explained by
Figure 17. Whereas the Dynaflect deflection basin,
normalized for load, is significantly different from
the other devices for Test Area 4, it is quite sim-
ilar for Test Areas 2 and 3.

The conclusion that the base course moduli are
greater when a preload is applied was questioned.
This was true eight times out of nine when the FWDs
were compared to the WES 16-kip vibrator (also eight
of nine times when the Road Rater and the Dynaflect
were each compared to the FWDs). Other comparative
studies at the WES have shown this condition to
occur in nearly all cases.

The authors believe that a single approach must
be developed for each major airport authority such
as the FAA, Air Force, Army, Navy, or state to en-
sure that reasonable comparisons of structural ca-
pacity can be obtained from different evaluations.
The MacDill study concluded that variation could be
expected from different procedures. The variation is
due in part to the different models and different
failure criteria that are used.

The development of pavement NDT equipment during
the last 10 years has provided excellent tools for
determining in situ material properties under simu-
lated design loading conditions. Understanding the
results from different devices can improve the over-
all assessment of pavement capacities and life.
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Application of Simplified Layered Systems to

NDT Pavement Evaluation

GDALYAH WISEMAN, JACOB GREENSTEIN, and JACOB UZAN

ABSTRACT

Presented are nondestructive testing (NDT) deflection measurements on flexible,
rigid, and composite pavements obtained with two vibratory devices, the Pave-
ment Profiler and the WES 1l6-kip vibrator, and one impulse loading device, the
falling weight deflectometer (FWND). The deflection bowls are analyzed in terms
of the elastic parameters of layers using the Hogg, the Burmister, and the
Odemark=-Ullidtz approximation to linear layered elastic system models. The re-
sults are compared with those obtalned using more exact solutions and are found
to be satisfactory. The evaluated elastic parameters were found to be similar
for all three NDT devices for the subgrade and the surface layers of the pave-
ment, Lower elastic moduli were found for the base course with deflection howls
produced by the FWD than for those produced by the other two vibratory devices.
Most pavement evaluation 1s done on pavements that have been in service for
many years and have a varied history of maintenance and overlaying. The result-
ing lack of homogeneity must be considered in developing a strategy for mean-
ingful pavement evaluation., It is therefore necessary to examine a large number
of test points. The use of simplified layered system models for NDT pavement
evaluation is, therefore, recommended. This makes it economically feasible to
analyze each test point with respect to the relative contribution of the
strength of the subgrade and the condition of the pavement structure to the
overall performance of the pavement. It is also possible to examine material
variability for each of the layers. Results of such computations given in this
paper show higher variability in the asphaltic concrete and the base course
layers than in the concrete or the subgrade.

Pavement evaluation is most frequently done on pave-~
ments that have been in service for many years and
have a variled history of maintenance and overlaying.
The resulting lack of homogeneity must be considered
in developing a strategy for meaningful pavement
evaluation. A large number of test points are there-
fore mandatory, so that the responsible engineer can
make intelligent decisions with due regard to the
statistical nature of the problems of pavement eval-
uation and rehabilitation.

Nondestructive testing (NDT) and deflection mea-

surements are now universally recognized methods for
the structural evaluation of road and airfield pave-
ments. In many cases use is still made of empirical
correlations between deflection under a test load
and pavement performance. There is, however, general
recognition that the maximum benefit is derived from
NDT deflection measurements if the deflection bowl
is interpreted in terms of the material parameters
of the various component layers of pavement struc-
ture and subgrade.

The results of NDT deflection measurements on
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flexible, rigid, and composite pavements obtained
with both impulse and vibratory loading are pre-
sented here. The deflection bowls are analyzed in
terms of the elastic parameters of layers using sim-
plified approximations of the more exact linear lay-
ered elastic models. The results are compared with
those obtained using the more exact solutions. The
deflection bowls for the various pavements were mea-
sured with three different NDT devices and the com-
puted moduli are compared and examined for vari-
ability.

Variability in deflection measurements has been
extensively documented in the technical 1literature.
Here an attempt is made to examine the variability
in the evaluated moduli of elastic layers on the
basis of measured deflections.

The use of simplified layered system models for
NDT pavement evaluation makes it feasible to analyze
each test point with respect to the relative contri-
bution of the strength of the subgrade and the con-
dition of the pavement structure to the overall per-
formance of the pavement.

TESTING PROGRAM

The pavements tested were two rigid pavements 10.5
in. and 20 in. thick, two flexible pavements, and
one composite pavement at MachPDill Air Force Base in
Tampa, Florida. The pavement elevations were from 5
to 10 ft above sea level and the water table was
about 4 ft below ground surface. The subgrade soils
were poorly graded sand with in situ California
bearing ratio {(CBR) values that ranged from 10 to
45, The two flexible pavements had base courses of
Florida limerock with less than 30 percent retained
on the No. 4 sieve, which classifies as a silty
sand. This material is nonplastic but quite sensi-
tive to moisture. It is customarily assigned a CBR
of 80. The concrete pavements were placed directly
on the poorly graded sand subgrade. The pavements
tested were in five different areas and are numbered
1 to 5. Pavement types and thicknesses for each test
area are shown in Figure 1,

Three different NDT devices were used. They are
well known and will be only briefly described:

* A model 2000 Pavement Profiler (PP) applying
a peak-to-peak force of 4,500 lb at a frequency of
25 Hz on an 18-in.-diameter plate.

* The Waterways Experiment Station (WES) 16-kip
vibrator applying a peak-to-peak force of 29,200 1lb
at a freguency of 15 Hz on an 18-in.-diameter plate.

* A falling weight deflectometer (FWD) applying
a peak impulse force of 14,200 1b on a 12-in.-diam-
eter plate,

Testing with the 16-kip vibrator and the FWD was
performed by WES and the field test records were
made available.

Overall structural condition of pavement is some-
times described by the dynamic load required to pro-
duce a unit deflection and is termed stiffness. In
the case of the Pavement Profiler and the 16-kip
vibrator, stiffness is the peak-to-peak vibratory
force (P) on an 18-in.-diameter plate divided by the
peak-to—peak displacement of the pavement at the
center of load application (4,). In the case of
the falling weight deflectometer, stiffness is the
transient peak impulse force on a 12-in.-diameter
plate divided by the maximum transient deflection at
the center of load application.

The average pavement stiffness for each of the
three NDT devices for all five test areas is shown
in Figure 1. The lower pavement stiffness for FWD
test results on the flexible pavements in Test Areas
2 and 3 is possibly due in part to the smaller diam-
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FIGURE 1 Description of five test pavements.

eter plate (12 in.) than that used for both the
Pavement Profiler and the 1l6-kip vibrator (18 in.).
This matter will be clarified further when the eval-
uated layer moduli are examined.

DEFLECTION BOWLS

With each of the NDT devices,
surements of the center

in addition to mea-
deflection (&,), measure-
ments were made of the offset deflections (&,)
at various distances (r) from the center of load
application. After examination of the measured de-
flection bowls, 15 sets of deflection bowl measure-
ments (three NDT devices at each of five test areas)
were created for subsequent analysis. For each test
area care was taken to include only data from test
points that had known pavement layer thicknesses.
For the flexible pavements of Test Areas 2 and 3 it
was therefore necessary to exclude test data from
outer portions of the pavement close to the pavement
edge, which apparently had 1layer thicknesses less
than those given in Table 1. In Test Areas 1, 4, and
5 all the measured data were used. The average mea-
sured deflection per unit load as a function of off-
set distance for each of the three NDT devices for
the 10.5-in. rigid pavement of Test Area 5 is shown
in Figure 2.

Because, at least in the first approximation,
pavement systems are linear, this presentation of
the data (deflection per unit load) for three de-

vices with applied 1loads of 4.5, 14.2, and 29.2
kips, respectively, allows an easier comparison of
the deflection bowls than does a direct comparison
of the actual measured deflections.

It should be noted that, for Test Area 5 with the
10.5~in. concrete pavement, all three devices had
almost identical average deflection bowls when nor-
malized with respect to load. (This pavement would
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TABLE 1 Coefficients of Variation of Deflection

Measurements
Coefficient of Variation (per-
centage) for Sensor
No. of Test
Points Equipment 1 2 3 4
Test Area 1
28 WES vibrator 11 8 8 9
27 FWD 9 9 7
8 PP 12 12 14 18
Test Area 2
8 WES vibrator 10 13 14 12
8 FWD 13 12 12 15
8 PP 11 13 16 19
Test Area 3
11 WES vibrator 9 9 9 9
1 FWD 14 12 11 11
11 PP 13 13 15 15
Test Area 4
12 WES vibrator 13 14 16 21
11 FWD 14 10 9
10 PP 28 28 38 38
Test Area 5
35 WES vibrator 7 8 9 10
34 FWD a 7 8
22 PP 11 13 13 14
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FIGURE 2 Deflection bowls, Test Area 5.

be expected to exhibit the most linear behavior of
all the pavements tested.) The comparative results
for this pavement establish a high degree of confi-
dence in both the load and the deflection measuring
instrumentation for all three NDT devices.

Shown in Figures 3 and 4 are the average deflec-
tion ratios (&./L5) as a function of offset
distance (r) for each of the five test areas for the
Pavement Profiler and the falling weight deflectom-
eter, respectively. The overall pavement stiffness,
based on center deflection alone, is shown in Figure
1. It may be observed that the stiffest pavement is
the 20-in. concrete pavement of Test Area 1 and the
pavement with the lowest stiffness is the asphalt
concrete pavement of Test Area 3. The relative load
distribution capabilities of these pavements may be
seen in Figures 3 and 4. Also shown in Figures 3 and
4 are the computed deflection ratios for the Hogg
model of a thin plate on a finite elastic subgrade
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FIGURE 4 Deflection ratios, Test Areas 1-5 (FWD).

for various values of the characteristic length of
the deflection bowl (L). These curves are for an
elastic subgrade of thickness (h) 10 times the char-
acteristic length of the deflection bowl (f). Pave-
ment models are discussed in greater detail next.

PAVEMENT MODELS

The cases considered subsequently are all for a uni-
form applied vertical load on a circular area on the
surface of a layered isotropic linear elastic me-
dium. Generally, it is assumed that the thickness
and number of the layers comprising the pavement
system are known and that Poisson's ratio can be
estimated. An exact solution can be obtained for
surface deflection bowls for given moduli of elas-
ticity using various available computer programs
that require the use of at least a minicomputer. One
such program has been used as a standard against
which to compare the results obtained with simpler
models and computational routines.

In all cases a finite subgrade thickness was
assumed to be underlain by a hard bottom. This has
the effect of limiting the lateral extent of the
computed deflection bowls and approximates the re-
sponse of a more realistic subgrade with a modulus
of elasticity that increases with depth.
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Hogg Model

The authors have been using the Hogg model (1,2) of
a thin plate on an elastic foundation for interpret-
ing deflection measurements on road and airfield
pavements for 10 years. Extensive use of the Hogg
model has shown it to yield satisfactory results for
the modulus of elasticity of the subgrade (Eg)
compared with values obtained from in situ testing.
In addition to its simplicity, one of the advantages
of thin plate theory 1is that E, can be computed
from the deflection bowl measurements without prior
knowledge of the thickness or other characteristics
of the pavement layers above the subgrade. Others
have also found the Hogqg model to be useful in pave-
ment evaluation studies (3).

The background and computational routines for the
use of the Hogg model in pavement evaluation have
been described elsewhere (4-6) and will not be re-
peated here.

Burmister Model (two layer)

When the Hogg model, which is that of a thin plate
on an elastic subgrade, is used for interpreting
surface deflection measurements, it is assumed that
vertical strains within the pavement structure are
small and can be ignored. For conventional flexible
pavements the measured value of £&,, which Iis
measured at the center of load application at the
surface of the pavement, obviously includes vertical
strains in the pavement. Thus the measured 4, is
greater than that assumed for the mathematical model
and 4,/8, 1is therefore smaller than assumed. This
leads to an underestimate of the characteristic
length of the deflection bowl (). It can be shown
that if &, is measured at a distance (r) where
Ar/Ao is about 0.5, these errors are compensatory and
therefore have a negligible influence on the com-
puted value of Eg.

When E and the characteristic 1length of the
deflection bowl (%) have been computed, the flex-
ural rigidity (D) of the pavement structure is eas-~
ily computed. If the combined thickness (h*) of the
pavement structure is known, the combined modulus
(E*) of the pavement can be computed. This procedure
can be used for rigid pavements and sometimes gives
reasonable results for flexible pavements (3).

The use of Burmister two-layer theory appears to
be a more promising approach for determining the
combined modulus (E*) of the pavement structure (5).
Assume that the subgrade modulus (Epy), the com-
bined thickness of the pavement (h*), and the radius
of the loaded area (a) are known. Using only the
measured center deflection (4,), the computation
of E*/E, and hence of E* is easily performed using
Odemark's approximation to the Burmister solution
(6,7).

Computations have been performed for E*/E0 for
various values of F (i.e., the ratio of the center
deflection for the two-layer system to the computed
deflection for the Boussinesg case) and for h*/a
using both the Hogg model and the Burmister model.
The results are shown in Figure 5. It may be ob=-
served that only for strong thin pavements do the
two models give similar results. It should also bhe
noted that the Burmister model, which accounts cor-
rectly for the vertical strain in the pavement
structure, is not sensitive to inaccuracy in the
total pavement thickness (h*) for thicker €flexible
pavements.

Three-Layer Elastic Model

Several computer codes are available for obtaining
an exact solution for surface deflections for lay-
ered linear elastic media of given elastic material
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computed by the Hogg and Burmister
models.

parameters and layer thicknesses, The computer code
used here is called CRANLAY (8,p.131). The analyti-
cal solutions for displacement are found by integral
transform methods and are evaluated by numerical
integration. To obtain the three unknown elastic
moduli from measured deflection bowls, the following
procedure was developed.

For each test area with known pavement thick-
nesses the CRANLAY computer code was used to compute
surface deflections at the required offset distances
for a range of modular ratios. The moduli of elas~
ticity of the three pavement layers were then com-
puted by solving a system of three equations that
relate the surface deflections at the given offset
distances to the moduli of elasticity. In this pro-
cedure the number of measured deflections used must
equal the number of unknown moduli. The method is
not 1lterative and the three equations are solved by
direct numerical methods.

As a check on the method several computations
were done using the evaluated elastic moduli ob-
tained as input in the CRANLAY program. The computed
surface deflections were then compared to the mea-
sured deflections used for computing the elastic
moduli. In all cases the difference between the mea-
sured and and the computed deflections was found to
be less than 0.5 percent.

Simplified Multilayer Model

This model is based on Odemark's method of "equiva-
lent thicknesses" (6,7) and has been further devel-
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oped and described in detail by Ullidtz and Peattie
(9,10) . The computations for surface deflection are
performed for a transformed section using the
Boussinesg equation for circular loading for the
center deflection (8o) and the equations for
point loading for offset deflections (8.). The
pavement is assumed to be made up of layers of known
thickness and Poisson's ratio is assumed to bhe
known; however, the moduli of elasticity are un-
known, It is further assumed that the center
deflection (4,) and the deflection (4.) at several
offset distances (r) have been measured with an NDT
device applying a known load (P) on a circular plate
of radius a.

The procedure followed is iterative, First, the
unknown moduli of elasticity are "gquessed"™ for the
various pavement layers and then the resulting de-
flections at the center of load application and at
offset distances (r) at which measurements were made
are computed. The modulus of elasticity values are
then modified until an "acceptable" match is ob-
tained between the computed and the measured deflec-
tions.

The method can be used for two or more pavement
layers and is known to give computed surface deflec-
tions quite close to those computed by the most ex-
act methods. It will be demonstrated that, when used
in the reverse mode as described earlier, it also
yvields evaluated layer elastic parameters similar to
those obtained with the most exact methods,

The computations were done using a personal com-
puter in the interactive mode. The match between
measured and computed deflections was considered to
be acceptable when the center deflections matched
within 3 percent and the remaining deflections
matched within 10 percent. For the two concrete
pavements the center deflection and the furthest
measured deflection matched to less than 0.5 percent.

COMPUTED ELASTIC PARAMETERS--A COMPARISON OF MODELS

The various pavement models and computational rou-
tines that bhave been presented have been used to
analyze the 15 average deflection bowls. For a known
pavement section and elastic moduli, each of the
pavement models would produce slightly different
deflection bowls. However, it was of considerably
more interest to compare the evaluated elastic pa-
rameters.,

The subgrade modulus values for all three pave-
ment types computed with the Odemark-Ullidtz simpli-
fied multilayer elastic model showed excellent
agreement with those values computed with the "ex-
act" CRANLAY computer program (Figqure 6). The
simpler Hogg model also showed good agreement with
the CRANLAY computations for the subgrade modulus
(Figure 7).

Figure 8 shows the combined modulus (E*) for a
two-layer system for all pavements tested using
Odemark-Ullidtz compared with the Hogqg model for
determining the subgrade modulus (E,) and Ode-
mark's approximation for the Burmister solution, for
center deflection only, for determining E*/Eo and
hence E*, For the rigid pavement, h* is the thick-
ness of concrete, for the flexible pavements the
combined thickness of asphaltic concrete and base,
and for the composite pavement the combined thick-
ness of asphalt concrete overlay and the old con-
crete pavement. The agreement is excellent.

Shown in Figure 9 are the subgrade, base course,
asphalt concrete, and portland cement concrete mod-
uli for the rigid and flexible pavements. The values
were computed using the same deflection bowls with
the Odemark-Ullidtz simplified method of computation
and the CRANLAY computer program. It should be noted
that the scales in Figure 9 are log-log. The agree-
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ment between the two methods of computation is again
remarkably good.

COMPARISON OF LAYER MODULI COMPUTED FOR AVERAGE
DEFLECTION BOWLS OBTAINED WITH THE
VARIOUS NDT DEVICES

For the purposes of this comparison, the discussion
will be limited to the layer modulus values computed
by the approximation to the layered elastic model
used in the method of equivalent thicknesses. These
moduli for the five test areas and the three NDT
devices are shown graphically on a logarithmic scale
in Figure 10.

The first and most striking observation is that,
on the basis of knowledge of materials in the pave-
ment sections at the five test areas, almost all of
the layer modulus values obtained with the three NDT
devices are reasonable. The two exceptions (out of a
total of 39 determinations of layer moduli) were 6.6
million psi for the 20-in, concrete determined in
Test Area 1 and the 8 million psi for the 6-in.
overlaid concrete determined in Test Area 4, both
with the Pavement Profiler.

The modulus values for the subgrade ranged from
20,000 to 26,000 psi for Areas 3, 4, and 5 and from
34,000 to 54,000 psi for Areas 1 and 2, for all
three NDT devices. There was a consistent pattern
for all areas (except Test Area 4) with the heavier
load device giving the lower evaluated subgrade mod-
ulus. It should be pointed out, however, that the
maximum difference between NDT devices for the sub-
grade modulus is about 25 percent.

In general, the modular values for portland ce-
ment concrete and for asphalt concrete are reason-
able and do not differ significantly with the var-
ious NDT devices. The one exception as mentioned
previously is the Pavement Profiler on the 20-in.
concrete pavement.

The modulus values for the base course ranged for
the Pavement Profiler and the 1l6-kip vibrator from
135,000 to 270,000 psi and were about 65,000 psi for
the FWD. The 1l6-kip vibrator gave higher values for
Test Area 3 and lower values for Test Area 2 than
did the Pavement Profiler.

The lower evaluated moduli for the base course in
Test Areas 2 and 3, based on an interpretation of
the deflection bowls measured with the FWD, require
further study that is beyond the scope of this
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paper. Refer to Figure 1 and the overall stiffnesses
based on center deflection alcne. It is now evident
that the lower stiffnesses measured in Test Areas 2
and 3 with the FWD are due to the response of the
base course to impulse loading and not just to the
smaller diameter plate.

MATERIAL VARIABILITY

Material variability and its effect on design have
been and will continue to be of prime importance in
all geotechnical problems (11). Pavement design,
evaluation, and rehabilitation involve the determi-
nation of parameters that possess natural variabil-
ity. For each problem the appropriate percentile
level of the distribution can be selected on the
basis of reliability considerations. For example, in
overlay design based on center deflection measure-
ments, the 80th and 97th percentiles are sometimes
used (12,13). When the deflection bowl is measured
at several offset distances from the load, and its
interpretation is expressed in terms of moduli of
elasticity of the pavement layers, the statistical
analysis of the results and its implications are not
yet clear. It is the purpose of this section to dis-
cuss the problem. The test sections are those re-
ported previously, and the results of analysis refer
to the deflection bowl interpretation using multi-
layer elastic theory.

Table 1 gives the coefficients of variation (CV)
of the deflections measured at four distances with
three different NDT devices. It is seen that the
coefficient of variation lies between 8 and 19 per-
cent, with the higher values obtained using the
Pavement Profiler.

Table 2 gives the coefficients of variation of
the moduli derived for all tests. It is seen that
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TABLE 2 Coefficients of Variation of Elastic
Moduli of Pavement Layers—CRANLAY

Coefficient of Varia-
tion (percentage)

No. of Test —_—
Points Equipment El E2 E3
Test Area 1
28 WES vibrator 16 10
27 FWD 23 13
8 PP 14 21
Test Area 2
7 WES vibrator 21 22 14
8 FWD 41 29 15
8 PP 35 50 18
Test Area 3
9 WES vibrator 50 52 7
11 FWD 38 38 8
10 PP 85 77 15
Test Area S
35 WES vibrator 17 L]
34 FWD 22 10
22 PP 19 13

the coefficients of variation of the subgrade (E3)
are of the order of 7 to 21 percent. The values are
similar to those obtained in deflection analyses of
Sensor 4 (Table 1). Therefore, it appears that the
deflections of the sensor far from the load and
their coefficients of variation are mainly related
to the subgrade modulus and its coefficient of vari-
ation. The coefficients of variation of the concrete
modulus (El1 in Test Areas 1 and 5) are of the order
of 14 to 23 percent and are similar for all NDT de-
vices. An examination of Tables 1 and 2 shows that
the coefficients of variation of the moduli of the
asphaltic concrete and the base course are 2 to 7
times those of the deflections.

Therefore, it appears that statistical analysis
of the deflections can provide an estimate of the
variability of the subgrade. However, it does not
represent the variability of the pavement layers. It
is not clear at this stage which part of the vari-
ability is due to the equipment. It is worth men-
tioning that determining the moduli using an average
deflection bowl and averaging the moduli obtained
from deflection interpretation give about the same
result.

It can be seen, however, that analyzing all de-
flection bowls instead of an average deflection bowl
gives additional information on the pavement condi-
tion and is therefore useful in pavement evaluation.
The use of an iterative procedure with a multilayer
computer program like CRANLAY is in most cases pro-
hibitively expensive. Therefore, development and use
of simplified methods for analyzing a large amount
of data are of considerable importance.

CONCLUSIONS

The Pavement Profiler, the 1l6-kip vibrator, and the
falling weight deflectometer all have instrumenta-
tion satisfactory €or measuring both applied force
and resulting deflections. This is evidenced by the
almost identical deflection bowls for the 10.5-in.
concrete pavement of Test Area 5 when normalized
with respect to applied load.

Deflection bowls normalized with respect to load
(i.e., plotted as deflection per unit load) are es-
pecially useful in comparing NDT devices that apply
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different loads to the pavement. Deflection bowls
normalized with respect to center deflection are
particularly useful in comparing different pave-
ments. For example, the flexible pavement in Test
Area 2 and the composite pavement of Test Area 4
have almost identical center deflection per unit
load, but the characteristics of the bowl of deflec-
tion ratios are entirely different.

The shapes of the deflection bowls produced by
all three NDT devices are sufficiently close to
those predicted by the Hogg model to allow it to be
used with confidence in pavement evaluation, partic-
ularly for evaluating the modulus of the subgrade.

The combined Burmister-Hogg computational routine
using the Odemark approximation is useful and effi-
cient for obtaining a combined modulus (E*) for the
pavement (Fiqure 8).

The Odemark-Ullidtz simplified multilayer elastic
method gave evaluated elastic moduli almost identi-
cal to those computed with the most exact methods,
except for the base course (Figure 9).

All three NDT devices gave similar layer moduli
for concrete, aspbaltic concrete, and the subgrade.
The moduli for the base course determined from the
deflection bowls produced by the falling weight de-
flectometer were significantly lower than those ob-
tained from analyzing the deflection bowls produced
by either the Pavement Profiler or the 16-kip vi-
brator (Figure 10).

Variability in measured pavement deflections can
be a reasonable measure of variability in subgrade
modulus. However, to obtain a measure of material
variability for the various layers of the pavement
it is necessary to analyze a large number of deflec-
tion bowls. The simplified models presented in this
paper have been found useful in this context.
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Analytical-Empirical Pavement Evaluation Using the

Falling Weight Deflectometer

P. ULLIDTZ and R. N. STUBSTAD

ABSTRACT

Because of the rapid development of hardware and software during the past 10
years, it is now possible to use an analytical-empirical (or mechanistic)
method of structural pavement evaluation on a routine basis. The Dynatest 8000
falling weight deflectometer that, when used with the ELMOD program, determines
the modulus of each structural layer in a pavement system is described. The
moduli are determined nondestructively and in situ under conditions that
closely resemble those under the influence of heavy traffic. Some practical
examples illustrating the use of the method are presented, and its empirical
components are discussed. These empirical components are also programmed into
the ELMOD program so an overlay design may be carried out concurrently with the
analytical determination of layered elastic moduli. The method may be used for
both flexible and rigid pavements, where joint evaluation is not needed. The
evaluation of joint or corner conditions in jointed portland cement concrete

pavements is not addressed in this paper.

Structural design of pavement systems should be
based on an "analytical-empirical" approach. Often,
such an approach is referred to as an "analytical
method”™ or a "mechanistic method,"™ but because it
still contains an important empirical component (see
the fourth section), the term "analytical-empirical”
is more correct. The desirability of an analytical-
empirical approach appears to be a universally
agreed-on precept among pavement engineers, particu-
larly as a result of the Fifth International Confer-
ence on the Structural Design of Asphalt Pavements
held in Delft, The Netherlands, in 1982,

The analytical-empirical method presented here
makes use of the same approach that is used in most
other structural engineering design, that is:

1. The loadings and environmental conditions are
determined;

2. The elastic modulus (Young's modulus) is de-
termined for each material in the structure;

3. The critical stresses or strains, as a result
of loadings, are calculated in each material; and

4. The thicknesses (or the materials) are modi-
fied until the critical stresses or strains do not
exceed permissible values.

One reason (of many) for using this approach is
the increased need for pavement maintenance and re-
habilitation. To make the right choice from many po-
tentially feasible maintenance and rehabilitation
measures, the engineer must base his decision on a
rational evaluation of the mechanical properties of
the materials in the existing pavement structure. To
accomplish this, existing empirical methods of pave-
ment design are inadequate. Instead, a combined
analytical-empirical evaluation procedure should be
followed.
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One serious obstacle, however, has been the dif-
ficulty of determining the in situ elastic moduli of
pavement materials. Three- or four-point bending
tests or dynamic triaxial tests are hoth cumhersome
and costly, and the results are not necessarily rep-
resentative of in situ conditions. Estimating moduli
from empirical relationships based on California
bearing ratios (CBRs), R-values, or other parameters
is hardly satisfactory.

Now, however, the recent rapid development of
appropriate hardware and software has made it possi-
ble to determine the elastic modulus of each struc-
tural layer in a pavement structure. This can be
accomplished in situ, nondestructively, and rapidly.
With a proper falling weight deflectometer (FWD) and
suitably associated software, it is possible to
carry out analytical-empirical pavement evaluation
on a routine basis. The following is a brief de-
scription of one such system, namely the Dynatest

8000 FWD (Figure 1) and the Evaluation of Layer Mod-
ull and Overlay Design (ELMOD) program.,

B ;
FIGURE 1 Dynatest Model 8000 FWD.

DYNATEST 8000 FALLING WEIGHT DEFLECTOMETER

For a deflection testing device to be used to deter-
mine in situ moduli of pavement materials, the fol-
lowing requirements should be met:

1. The load must resemble that of a heavy wheel
passage in terms of both load magnitude and duration.

2. Deflections must be measured extremely accu-
rately, especially at distances from 0.6 m (2 ft) to
1.5 m (5 ft) from the center of the loaded area.
These deflections are used to determine the modulus
of the subgrade and must therefore be accurate be-
cause the subgrade generally contributes 60 to 80
percent of the total center deflection. A small
error in the determination of the subgrade modulus
could, therefore, lead to extremely large errors in
the moduli of the other pavement layers. (For the
same reason, it is also essential to consider any
existing nonlinearity of the subgrade.)

With respect to load magnitude, any appropriate
"design" half-axle load (e.g., 9,000 1bf, 50 kN) may
be simulated by the Dynatest FWD. A load of more
than 10 metric tons (approximately 24,000 1bf) may
also be obtained if desired (e.g., for evaluating
airfield pavements). The duration of the load is
generally fixed at 25 te 30 msec, roughly corre-~
sponding to a wheel velocity of 40 to 50 MPH (60 to
80 km/hr). The deflections are measured with geo-
phones at seven different distances from the loading
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plate, and, because no reference point or support is
needed (the reference point is the center of gravity
of the earth), the deflections may be determined
quite accurately. A typical accuracy is 0.5 per-
cent ¥ 1 ym (1 um = 1/1000 mm = 0.04 mil).

On many occasions, pavement response in terms of
stresses, strains, and deflections from an FWD-
imposed load has been compared to the response to a
moving wheel load. Details of some of these compari-
sons may be found elsewhere (1-3). All these compar-
isons have shown that the response to an FWD test is
quite close to the response to a moving wheel load
of the same magnitude, even though the impulse load
of the FWD, in some respects, differs from a moving
wheel load.

If, therefore, an accurate deflection basin is
measured under an FWD test and then the theory of
elasticity is used to determine the elastic moduli
of the individual layers such that the same deflec-
tion basin is produced, the engineer can be reason-
ably certain that the layer moduli thus obtained
will be representative of the response of the pave-
ment materials under heavy traffic loading, even
though, strictly speaking, the analysis technique is
quasi-static whereas the loading is dynamic.

Details of the Dynatest FWD test system may be
found elsewhere (4), but it may be added here that
the production capacity is some 200 to 300 test
points per day, depending on the distance between
points, and that more than 30 of these test systems
are now in operation (mostly in North America and
Europe) .

CALCULATION OF ELASTIC MODULI

Pavement sections are not composed of ideal elastic
materials. In addition to elastic deformations, most
pavement materials exhibit plastic, viscous, visco-
elastic and/or viscoplastic deformations under load,
and in most cases the relationships between load and
deformation are nonlinear. Many materials are aniso-
tropic, often as a function of the state of stress,
and few materials are homogeneous--some are even
"particulate," consisting of significantly large,
discrete particles. Adding to this the variability
of the materials with time and place and the dynamic
loading conditions, it should be clear that layered
elastic theory is just an approximation of "real~-
life" conditions.

Nevertheless, this approximation of reality of-
fers, at the present time, the most promising ap-
proach to reaching a more fundamental understanding
of the performance of pavements. For this reason,
elastic theory has been incorporated into a number
of current design methods, such as those by Shell,
Chevron, and the Asphalt Institute as well as those
implemented by several countries. "Elastic modulus"
in this paper should be understood to be an apparent
modulus or effective stiffness,

To determine moduli, programs developed by Chev-
ron, Shell, and the Laboratoire Central des Chaus-
sées as well as several other institutions may be
used. However, the method of equivalent thicknesses
(MET) (5,6) used in the ELMOD program is at least as
reliable and effective as the other, more sophisti-
cated programs for use on FWD-generated test data.
There are two primary reasons for this:

1. First, a mainframe computer is not needed.
The calculations can be rapidly carried out on a
microcomputer. This means that each FWD deflection
basin, instead of 1just a few "representative" or
average basins, may be analyzed. Even more impor-
tant, the MET may be easily incorporated in a pave-
ment management system, under which critical
stresges or strains may have to be evaluated liter-—
ally millions of times.
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2. Second, and most important, it is quite easy
to incorporate a nonlinear, elastic subgrade into
the MET procedure, and this is essential for deter-
mining even reasonably accurate layer moduli from
measured FWD deflections, because of the 1lateral
variation of subgrade modulus under load. This pro-
cedure is discussed in detail elsewhere (7).

The basic assumption in the MET is that the
stresses, strains, and deflections below a given
layer interface depend on the stiffness and thick-
ness of the layers above that interface. This con-
cept is used to transform a layered structure into
an eguivalent uniform, semi~infinite material, to
which Boussinesq's simple equations may be applied.

There is a certain resistance against using this
relatively "simple" method today because a number of
"exact" elastic layered programs are readily avail-
able. It should not be overlooked, however, that the
assumptions on which these "exact" programs are
based are not really indicative of the actual condi-
tions existing in a pavement structure.

As mentioned previously, deformations under load
are not only elastic but also plastic, viscous, and/
or viscoelastic. The materials are often nonlinear
(stress dependent), anisotropic, and inhomogeneous;
some even consist of large, discrete particles
(e.g., coarse granular materials). These differences
between the idealized assumptions on which layered
elastic programs are based, coupled with the complex
nature of actual pavement materials, are not miti-
gated by the use of complex mathematics.

Even though the elastic layer programs cannot be
considered more exact than the MET when it comes to
the behavior of real pavements, the MET has, on a
number of occasions, been compared to different
elastic layer programs (6). In general, the results
have indicated a reasonably good agreement for de-
flections and stresses, and somewhat less satisfac-
tory agreement for strains.

ELMOD Program
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